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Abstract
Nitrogen pollution has been considered one of the major problems of the 21st century.
Discharge of nitrogen from improperly treated wastewaters into surface water bodies causes
eutrophication and hypoxia, which results in significant environmental, public health and
economic damages. In addition to the incoming flow, wastewater treatment plants generate internal
highly concentrated ammonium streams, such as anaerobic digestion sidestream. As a current
practice, sidestream without prior treatment is returned to the head of the plant, which increases
the total incoming nitrogen load by 20-30% and often exceeds the treatment capacity. The most
commonly used conventional biological nitrogen removal processes are energy and chemically
intensive. Aging infrastructure and lack of land for plant expansion call for the development of
alternative cost-effective treatment technologies. This dissertation investigates novel algalbacterial technologies to reduce the concentration of ammonium in the sidestream. Applications
of algal-bacterial consortia, where algae produce oxygen during photosynthesis replacing
mechanical aeration, can significantly reduce the cost of treatment.
Algal-bacterial photosequencing batch reactors (PSBRs) have been developed that
promote shortcut nitrogen removal for treatment of high ammonia strength wastewaters. However,
the effect of solids retention time (SRT) on nitrogen transformations and microbial communities
in PSBRs had not been previously explored. Bench-scale PSBRs with algal-bacterial biomass were
operated at SRTs of 5, 10, and 15 days, with alternate light and dark periods, to treat anaerobic
digestion sidestream. The sidestream contained elevated concentrations of phosphorus from the
digestion of polyphosphate accumulating microorganisms present in waste activated sludge.
viii

Therefore, excess phosphorus was precipitated in the form of struvite prior to feeding the PSBRs.
High concentrations of ammonium in the influent and low dissolved oxygen concentrations
produced by algae during photosynthesis promoted the out-selection of nitrite oxidizing bacteria.
The shortest SRT (5 days) resulted in an unstable algal-bacterial community characterized by
frequent biomass washout. The average ammonium removal efficiency was 84% for the 5 day
SRT and 92% for SRTs of 10 and 15 days. The main nitrogen removal mechanisms were
nitritation/denitritation followed by biomass assimilation and ammonia volatilization.
Nitrogen removal from anaerobic digestion sidestream is quite challenging due to high free
ammonia (FA) inhibition for microorganisms. Natural zeolites such as clinoptilolite can alleviate
FA inhibition by temporarily adsorbing ammonium. Considering the elevated temperature of a
sidestream and the presence of other cations, which can compete with ammonium ions for
adsorption sites, the effect of both temperature (21ºC and 35ºC) and competing cations on
ammonium adsorption capacity of clinoptilolite was investigated. An increase in temperature was
not found to significantly affect ammonium removal efficiency and maximum adsorption capacity
of clinoptilolite. Langmuir, Freundlich and Langmuir IX isotherm models all provided a good fit
to the experimental data (R2>0.98). The presence of competing cations did not significantly impact
ammonium adsorption kinetics. A pseudo second-order kinetic model provided a good fit to the
kinetic data (R2>0.98). A dosage needed to reduce FA inhibition to AOM, anammox and algae can
be calculated using a Langmuir model.
Zeolite that is saturated with ammonium can be biologically regenerated using ammonia
oxidizing microrganisms growing as biofilm on its surface. The zeolite can then be reused in
subsequent cycles. In this research, zeolite bioregeneration was carried out using two different
anammox inocula: anammox granules and enriched waste activated sludge, present in suspension
ix

or in biofilm. Additionally, the effect of zeolite on anammox activity was investigated. The results
showed similar microbial activity for microcosms inoculated with anammox granules and waste
activated sludge. The results indicate that anammox can be successfully enriched from waste
activated sludge. Although no statistically significant difference in nitrite removal rates was
observed in microcosms with or without zeolite, anammox were able to successfully bioregenerate
clinoptilolite and improve its adsorption capacity.
Due to their high ammonium adsorption capacity, the addition of zeolite to a reactor can
reduce FA inhibition to microorganisms and improve nitrogen removal efficiency. In this research,
clinoptilolite was added to a PSBR inoculated with anammox and operated with alternating light
and dark periods. The experiment consisted of three phases. During phase 1, a PSBR with
anammox treating diluted high ammonia strength wastewater with an average concentration of 500
mgN/L was operated to investigate the feasibility of partial nitritation anammox process in a
PSBR. Once the process was established, zeolite was gradually added to the PSBR, resulting in
increased nitrite production rates during the light period. During phase 3, the ammonium
concentration in the influent was increased to 1,841 mgN/L to mimic high ammonia strength
wastewater and a higher zeolite dosage was added based on the isotherm studies. The results
showed that zeolite addition could alleviate free ammonia inhibition for AOM, anammox and algae
and improve nitrite removal rates. Despite low aqueous ammonium concentrations, increased
nitrite removal rates were observed, which indicated bioregeneration. An overall TN removal
efficiency of >90% was observed after 9 days of reactor operation.

x

Chapter 1: Introduction
1.1 Sidestream from Anaerobic Digestion
With increasing pressure on natural resources and the need for clean water and sustainable
and energy efficient technologies, wastewater treatment plants are pushed towards integration of
resource and energy recovery. The most commonly used approach is the addition of anaerobic
digestion of waste organic matter. Operation of anaerobic digesters at thermophilic temperatures
results in increased biogas production, which can be used to generate heat and electricity onsite
(Mo & Zhang, 2013). Thermophilic temperature also ensures a higher degree of sludge
stabilization, pathogen reduction and decreases the volume of sludge that needs to be disposed
(Verstraete et al., 2009).
During dewatering of anaerobically digested sludge, sidestream, also called a reject water
or centrate, is generated. In many wastewater treatment facilities sidestream is recirculated back
to the head of the plant without prior treatment. Sidestream is characterized by very high
concentrations of ammonium-nitrogen and phosphate, which are released from the cells during the
degradation of organic matter. When recirculated back to the mainstream process, sidestream adds
up to 15-30% of the nitrogen and 20-40% of the phosphorus load to the influent, which can inhibit
nitrification, increase aeration and chemical requirements and negatively affect the overall nutrient
removal efficiency (Jardin & Popel, 1996; Siegrist, 1996; Wett & Alex, 2003; Henze et al., 2008).
Although chemical oxygen demand (COD) concentrations in sidestream are high, the
concentration of readily biodegradable COD is quite low. Considering that denitrifying bacteria
need organic carbon as an electron donor and carbon source, biological nitrogen removal systems
1

that are used to treat sidestream are usually carbon limited and, therefore, require organic carbon
addition (Kinyua et al., 2014). A summary of literature reporting typical compositions of
sidestream from municipal sludge digesters is shown in Table 1.1.
Table 1.1 Summary of literature reporting compositions of sidestream from anaerobic digestion
of municipal sludge
Parameter
Value
Source
NH4+-N, mg/L
460-2,000
Arnold et al. (2000); Barnes (2000); DapenaMora et al. (2004)
3PO4 -P, mg/L
5-15
Arnold et al. (2000)
P total, mg/L
15-300
Pitman et al. (1991); Henze & Comeau (2008)
COD total, mg/L
700 – 9,000
Henze & Comeau (2008)
COD soluble, mg/L
300 – 1,300
Arnold et al. (2000); Jenicek et al. (2004)
C/N ratio
0.1
WEF (2011)
BOD total, mg/L
300 – 4,000
Henze & Comeau (2008)
BOD soluble, mg/L
100 – 1,000
Henze & Comeau (2008)
Total suspended solids,
500 – 10,000
Arnold et al. (2000); Barnes (2000); Jenicek et
mg/L
al. (2004)
Volatile suspended
250 – 6,000
Henze & Comeau (2008)
solids, mg/L
Temperature, °C
28-40
Arnold et al. (2000); Laurich & Gunner (2003)

1.2 Rationale
Many wastewater treatment facilities are implementing separate processes that are
optimized for treatment of sidestream. Separate treatment reduces the nutrient return load and load
variations and increases the mainstream nutrient removal efficiency, which can help the plant to
comply with environmental regulations and reduce eutrophication (Wett & Alex, 2003). This
approach also decreases energy and chemical consumption (WEF, 2011; Wett & Alex, 2003).
Phosphorus is often recovered using struvite (NH4MgPO4∙6H2O) precipitation by increasing pH
and adding a source of magnesium (Le Corre et al., 2009). Reactors used for nitrogen removal
from sidestream are optimized for treatment of low flows, high temperatures and high ammonium
concentrations, which can significantly improve the efficiency of sidestream treatment. Processes
2

that are typically used for nitrogen removal from sidestream treatment include conventional
nitrification/denitrification (Makinia et al., 2011), partial nitrification (SHARON®) (Frison et al.,
2013), and combined partial nitritation – anammox (Lackner et al., 2014; Sobotka et al., 2015).
Conventional nitrification/denitrification involves oxidation of ammonium (NH4+) to
nitrate (NO3-) via nitrite (NO2-) formation (NH4+ -> NO2- -> NO3-) and reduction of NO3- to N2
(NO3- -> NO2- -> NO -> N2O -> N2). The addition of oxygen and readily biodegradable organic
matter in sequential aerobic and anoxic stages is usually required for this process, which results in
high operational costs.
Partial nitrification coupled with denitritation (in this dissertation its synonym, shortcut
nitrogen removal, will be used) is the oxidation of NH4+ to NO2- by ammonia oxidizing
microorganisms (AOM) and its consequent reduction from NO2- to nitrogen gas (N2). Compared
to conventional nitrification/denitrification process, shortcut nitrogen removal requires 25% less
aeration, 40% less carbon source and generates 40% less sludge (van Loosdrecht, 2008). In the
shortcut nitrogen removal process certain conditions, such as alkaline pH, high temperature, low
solids retention time (SRT), low dissolved oxygen (DO) concentration and high free ammonia
(FA) or free nitrous acid (FNA) concentrations, have to be maintained for the inhibition of the
growth of NO2--oxidizing bacteria (NOB) (Peng & Zhu, 2006). Overall, high temperature and
concentrations of NH4+ that are typical of sidestream (Table 1.1) promote the inhibition of NOB,
which brings some advantages to the application of shortcut nitrogen removal treatment process
compared to conventional nitrification/denitrification for the treatment of sidestream (Wett &
Alex, 2003).
Besides conventional biological nitrogen removal and shortcut nitrogen removal, the use
of anammox bacteria for nitrogen removal has been actively used for the treatment of sidestream
3

since their discovery in a denitrifying pilot plant reactor (Mulder et al., 1995). Since then,
anammox bacteria have been found in different environments, including conventional activated
sludge used for their enrichment (Chamchoi & Nitisoravut, 2007). Anammox or Anaerobic
Ammonia Oxidizers oxidize NH4+ using NO2- as an electron acceptor while producing N2 and a
small

amount

of

NO3-.

Advantages

of

the

anammox

process

over

conventional

nitrification/denitrification include a decrease in oxygen demand by 60%, organic carbon by 100%
and sludge production by about 90% (Mulder, 2003; Siegrist et al., 2008). Since NO2- is needed
as an electron acceptor for anammox metabolism, the process is usually preceded by a partial
nitritation process (partial nitritation-anammox), where approximately half of NH4+ is oxidized to
NO2- (Syron, 2015).
It should be noted that although partial nitritation-anammox has been successfully used for
treatment of sidestream (Lackner et al., 2014), its application to mainstream processes still presents
a major challenge, mostly due to unstable NO2- production. The main reason lies in lower NH4+
concentrations and temperature fluctuations, which, along with high COD/N ratio, decrease AOM
activity and growth rates and make it difficult to suppress NOB (Li et al., 2018). An alternative
pathway of NO2- production, that has been actively studied recently, involves partial
denitrification, i.e. reduction of NO3- to NO2- (Du et al., 2016). Key factors that control NO2accumulation during denitrification are electron donor (carbon source), pH, and initial and residual
nitrate concentrations (Du et al., 2019). The application of anammox for either sidestream or
mainstream treatment would inevitably include reduced energy costs for aeration and reduced
chemical costs for organic carbon supply.
Oswald et al. (1953) used photosynthetic oxygenation, i.e. the ability of algae to produce
oxygen in the presence of light, to remove pollutants from wastewater in oxidation ponds. They
4

noticed a symbiosis of algae and bacteria, where oxygen produced by algae was consumed by
nitrifying microorganisms. This can bring certain economic benefits and make conventional
biological nitrogen removal process more economical and less energy intensive (Oswald, 1988).
During the last few years, interest in the application of the symbiosis of algae and bacteria for the
treatment of wastewater has grown significantly (Karya et al., 2013; van der Steen et al., 2015; de
Godos et al., 2014; de Godos et al., 2016; Rada-Ariza et al., 2017). Until recently, the main focus
of the research was on the use of algae and bacteria for nitrification and organic carbon oxidation.
Wang et al. (2015) were the first to develop a novel technology combining algal-bacterial
consortia with shortcut nitrogen removal. Using an algal-bacterial photo-sequencing batch reactor
(PSBR) with alternating light and dark cycles and addition of an external organic carbon source,
the authors achieved 95% NH4+ removal from a high NH4+ strength anaerobic digester sidestream.
During the light cycle, oxygen produced by algae via photosynthesis promoted nitritation, whereas,
during the dark cycle oxygen was quickly consumed by microorganisms, which stimulated
denitritation. In a follow-up study carried out by Arashiro et al. (2017), a first attempt was made
to understand the dominant factors that govern this new process, such as SRT, as well as to develop
a mathematical model describing how the concentration of biomass in the PSBR affects light
availability and relate to it oxygen production and nitrogen removal. Whereas the developed model
provided a good fit to the experimental data, the results concerning the effect of SRT on the
performance of the system were inconclusive. Arashiro et al. (2017) reported very similar total
inorganic nitrogen removal efficiencies of 95% and 94% in PSBRs operated with SRTs of 7 and
11 days, respectively. At the same time, they observed a decrease in light intensity due to a higher
biomass concentration and cell self-shading in a PSBR with a higher SRT, which resulted in a
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corresponding decrease in oxygen availability for nitrifying bacteria. Therefore, the optimum SRT
to sustain this novel process was investigated in this research.
In addition to the work of Wang et al. (2015), Manser et al. (2016) developed an
ALGAMMOX system for nitrogen removal that combined anammox with algal-bacterial consortia
in one reactor to achieve nitrogen removal during 12 hours light/12 hour dark period without
additional aeration or carbon source addition. Studies were carried out using a diluted synthetic
anaerobic digester centrate with an average initial NH4+-N concentration of 124 mg/L. The authors
observed an increase in nitrite accumulation by AOM during the light period followed by its
reduction by anammox during the dark period. Overall, NH4+ removal rates increased with
anammox addition. The follow-up study looked at the effect of different DO concentrations
generated by algae during the light period on anammox activity (Mukarunyana et al., 2018). The
authors reported a reversible inhibition at 0.4-1.0 mgDO/L with variable recovery periods
depending on DO concentration.
Treatment of high ammonia strength wastewaters, such as sidestream, is quite challenging
since it contains high FA concentrations inhibitory for algae, anammox and AOM (Anthonisen et
al., 1976; Lackner et al., 2014). In laboratory studies high NH4+ strength wastewaters have been
typically diluted with deionized or tap water (Deng et al., 2017), while pilot and full scale studies
are often operated in fed batch mode to maintain NH4+ concentrations below inhibitory levels
(Halfhide et al., 2015). Considering the current fragile state of freshwater resources and the
necessity of their conservation, natural zeolite can be used to avoid the dilution of centrate, while
at the same time providing an opportunity for its treatment. Zeolite is an ion exchange material
with high affinity for NH4+, that has been extensively used in wastewater treatment for nitrogen
removal (Aponte-Morales et al., 2016; Huang et al., 2015). Once added to sidestream, zeolite
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reduces the concentration of NH4+ in the liquid phase by adsorption to a level below the inhibitory
FA concentration for algae and nitrifying bacteria. Once it is saturated, zeolite can be regenerated
by microorganisms and reused in subsequent cycles (Lahav & Green, 1998). A prior study done
in our lab by Wang et al. (2018) demonstrated the possibility of combining algae with zeolite for
the treatment of undiluted anaerobic digestion centrate with NH4+ concentration of 1,180 mgN/L.
Therefore, addition of anammox and zeolite to an algal-bacterial shortcut nitrogen removal process
has the potential to remove nitrogen from high NH4+ strength wastewater without the addition of
diluted water, mechanical aeration or carbon source. This new hybrid system would considerably
reduce operational costs while treating higher volumes and at the same time reduce nitrogen
loading to surface waters.
1.3 Goals and Objectives
This dissertation focuses on all three above-mentioned technologies for nitrogen removal
from sidestream: 1) algal-bacterial consortia with shortcut nitrogen removal, 2) anammox and 3)
ion exchange material zeolite. The feasibility and advantages of using a unique system combining
algal-nitrifying bacterial consortium, anammox and ion exchange in one reactor (ALGAMMIX)
were demonstrated. In addition, as a separate case study presented in Appendix B, nitrogen
removal from mainstream using partial denitrification-anammox and fermentate as alternate
carbon source was investigated.
The overall goal of the research was to develop novel cost effective processes that can be
used to treat high ammonia strength wastewaters, such as sidestream from anaerobic digestion.
The specific research questions and objectives were the following:
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1. What is the effect of solids retention time (SRT) on nitrogen transformations and microbial
communities in an algal-bacterial photosequencing batch reactor (PSBR) operated with
shortcut nitrogen removal? (Chapter 2).
The specific objectives of this chapter were the following:


Evaluate the overall performance of the PSBRs operated at SRT 5, 10, and 15 days



Identify and quantify the main nitrogen removal mechanisms

2. How does the ammonium adsorption capacity of clinoptilolite change with changes in
environmental conditions? (Chapter 3).
The specific objectives were the following:


Determine the optimum dosage of clinoptilolite that would alleviate free
ammonia inhibition to microorganisms



Evaluate the effect of temperature and competing cations on ammonium
adsorption capacity of clinoptilolite

3. How does the addition of clinoptilolite affect the activity of anammox? (Chapter 4)
The specific objectives were the following:


Enrich anammox from waste activated sludge



Determine the effect of clinoptilolite addition on activity of anammox using
two different inocula: anammox granules and anammox enriched from waste
activated sludge



Analyze the activity of microbial biofilm grown on clinoptilolite and
bioregeneration

4. Will the addition of clinoptilolite to a PSBR inoculated with anammox help alleviate free
ammonia inhibition and improve the nitrogen removal rates? (Chapter 5)
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The specific objectives were the following:


Evaluate the performance of a PSBR with anammox inoculum



Investigate the addition of clinoptilolite on nitrogen removal rates

1.4 Structure of the Dissertation
The overall organizational structure of the dissertation is shown in Figure 1.1. Chapter 1
introduces the topic and gives the overall rationale for this research. Chapter 2 looks at the effect
of SRT on the performance of PSBRs operated with shortcut nitrogen removal. Chapters 3 and 4
present the results of abiotic tests and microcosm studies that investigated zeolite equilibrium,
kinetics and bioregeneration using anammox. Chapter 5 demonstrates the feasibility of using a
hybrid algal-bacterial system with ion exchange for the treatment of high NH4+ strength
wastewaters. Chapter 6 summarizes the main conclusions and proposes directions for future work.

Chapter 2
Effect of SRT

Chapter 1
Introduction

Chapter 3
Abiotic tests
with zeolite

Chapter 5
ALGAMMIX
system

Chapter 6
Conclusions,
recommendations

Chapter 4
Microcosm
studies

Figure 1.1 Organizational structure of the dissertation
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Chapter 2: The Effect of Solids Retention Time on the Performance of a Photosequencing
Batch Reactor with Shortcut Nitrogen Removal1

2.1 Introduction
Wastewater treatment plants worldwide are being transformed into resource recovery
facilities, with a shift in focus from removal of pollutants to recovery of energy, nutrients and
water (Mihelcic et al., 2017; WEF, 2012). Although anaerobic digestion is widely used to produce
methane from wastewater sludges, dewatering of anaerobically digested sludge generates high
ammonia and phosphorus strength sidestreams (de Vrieze et al., 2016). These sidestreams are often
recycled to the head of the plant and account for 10-30% of the total nitrogen and 20-40% of the
phosphorus loads to the mainstream process (Jardin & Popel, 1996; Henze et al., 2008). This leads
to a decrease in overall nutrient removal efficiency and increased process instability and energy
and chemical costs. Separate treatment of this internal flow has been shown to significantly
improve the final effluent quality (Wett and Alex, 2003).
Prior studies have shown that coupling microalgae with biological nitrogen removal (BNR)
processes can be used for the treatment of high ammonia strength wastewaters (Gonçalves et al.,
2017). Algal-bacterial consortia have been successfully applied for the treatment of sidestreams
from anaerobic digestion of agricultural waste (Pizzera et al., 2019), kitchen waste (Yu et al.,

Microbial analysis was done by R. Keeley and included in “Design and Implementation of Degenerate qPCR/gRTPCR Primers to Detect Microbial Nitrogen Metabolism in Wastewater and Wastewater-Related Samples”, master’s
thesis, USF, 2019.
1

10

2017), municipal sludge (Akerstrom et al., 2014), swine manure (Ayre et al., 2017), and dairy
manure (Wang et al., 2010). Since the sidestream is rich in nutrients, it can also be used to cultivate
microalgae at higher density than mainstream wastewater, with the subsequent utilization of their
biomass for various purposes such as the production of biodiesel (Yu et al., 2017), biogas (Yuan
et al., 2012), and food supplements (Trivedi et al., 2015).
In addition to conventional BNR processes, alternative nitrogen removal mechanisms have
been integrated into algal-bacterial consortia to reduce aeration and chemical costs. Prior studies
in our laboratory combined microalgae with shortcut nitrogen removal via nitritation/denitritation
in a single photo-sequencing batch reactor (PSBR) for total nitrogen (TN) removal from
anaerobically digested swine manure sidestreams (Wang et al., 2015; Arashiro et al., 2017). Low
dissolved oxygen and high free ammonia concentrations promoted the activity of ammonia
oxidizing microorganisms (AOM) while suppressing nitrate production (nitratation) by nitrite
oxidizing bacteria (NOB). The PSBRs were fed in the beginning of the light period, while sodium
acetate was added as an organic carbon source at the start of the dark period to promote
denitritation. The PSBRs removed >90% of TN in the sidestream, with around 80% removed via
shortcut nitrogen removal and the rest via biomass uptake.
In addition to high concentrations of ammonium in anaerobic digestion sidestreams,
phosphorus also represents a problem for wastewater treatment plants, especially those with
enhanced biological phosphorus removal (EBPR) processes. During EBPR, phosphorus is taken
up by polyphosphate accumulating organisms and then removed from wastewater with the waste
activated sludge (Henze et al., 2008). The recirculation of phosphorus-enriched sidestreams back
to the head of the plant can lead to exceedance of phosphorus effluent limits and high chemical
costs for phosphorus removal (e.g. alum addition) (Munch & Barr, 2001). Struvite precipitation is
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an effective route for phosphorus recovery, with >90% removal (Le Corre et al., 2009; Amini et
al., 2017). Ammonium is removed to a lesser extent than phosphorus due to high initial N:P ratio
in the sidestream and the expected equimolar stoichiometric removal ratio of ammonium,
phosphorus and magnesium (Munch & Barr, 2001; Yoshino et al., 2003). Therefore, struviteprecipitated anaerobic digestion sidestreams still contain high ammonia concentrations and could
be treated using algal-bacteria consortia. To the best of our knowledge, only one prior study looked
at the cultivation of microalgae in struvite precipitated anaerobic digestion effluent. However, the
main focus of that study was on lipid accumulation for biodiesel production (Jiang et al., 2018).
No prior research has been done to investigate the effect of struvite-precipitated effluent on
nitrogen removal using consortia of algae and bacteria.
Despite the increased attention of the application of photobioreactors for wastewater
treatment, there is still a lack of understanding on how to design a system with stable performance
that can consistently meet low effluent nutrient requirements. Solids residence time (SRT) is a
critical control parameter related to the specific growth rate of microorganisms and their decay
coefficient (Tchobanoglous et al., 2003). SRT governs biomass density, nutrient removal
efficiency and bioflocculation. SRT becomes especially important in a PSBR with shortcut
nitrogen removal because it determines the washout of NOB and AOM/NOB ratio in the reactor
(Liu and Wang, 2014). In addition to nitrifying microorganisms, SRT also affects algal growth,
with an increase in biomass density at higher SRT. However, high concentrations cause algae selfshading leading to light limitations and reduction in photosynthetic activity (Halfhide et al., 2015;
Arashiro et al., 2017).
Most of the recent algal-bacterial studies investigating the effect of SRT on TN removal
studied treatment of low strength wastewaters using various types of photobioreactors, including
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membrane bioreactors (Yang et al., 2018), PSBR (Rada-Ariza et al., 2019), and flat-panel reactors
(Bradley et al., 2019). Arashiro et al. (2017) operated two PSBRs with shortcut nitrogen removal
treating digested swine manure centrate at SRTs of 7 and 11 days. The authors did not observe any
difference in nitrogen removal efficiency or nitrogen removal mechanisms. Conversely, both
Bradley et al. (2019) and Rada-Ariza et al. (2019) reported a dependence of nitrogen removal
mechanisms on SRT.
SRT has also been shown to affect metabolic and taxonomic diversity of microbial
communities and the metabolic nitrogen removal pathways in biological systems (Liu and Wang,
2014; Mansfeldt et al., 2019). Duan et al. (2013) analyzed the effect of SRTs of 3, 5, and 10 days
on nitrifying microbial communities in an aerated submerged membrane bioreactor. The authors
observed an increase in AOM and NOB diversity with longer SRT and concluded that SRT works
as a selector for some dominant species. Nitrosomonas and Nitrospira were found to be the two
most dominant AOM and NOB species adapted to short SRTs and high influent ammonia
concentrations. In terms of nitrogen removal, Duan et al. (2013) reported high ammonia removal
efficiency at all SRTs, which they attributed to similar concentrations of the amoA gene in all three
reactors. On the other hand, Bradley et al. (2019) looked at the effect of SRTs of 5, 10 and 15 days
on microbial community structure of both eukaryotes and prokaryotes in three flat-panel
photobioreactors and did not observe any difference in bacterial diversity with differences in SRT.
No prior studies have investigated changes in microbial communities and metabolic pathways with
changes in SRT in a PSBR with shortcut nitrogen removal. A better understanding of structure and
dynamics of bacterial communities at different SRTs could help to optimize operation and
performance of these systems.
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More comprehensive research and long-term studies are needed on the effect of SRT on
performance and stability of PSBRs treating high ammonia strength wastewater, with a particular
focus on effluent quality, nitrogen removal mechanisms and microbial community structure. In
this research, molecular analysis (qPCR, qRT-PCR) was utilized to confirm the presence or
absence of nitrogen metabolic steps suggested by the chemical analysis. Nitritation was tracked
via ammonia monooxygenase (amo, NH4+  H2NOH), nitratation via nitrite oxidoreductase (nxr,
NO2-  NO3-), and the terminal step of denitrification using nitrous oxide reductase (nos, NO2- 
N2). Shortcut nitrogen removal can be supported, in part, by the absence of nitratation through
nitrite oxidoreductase. Therefore, the objective of this work was to investigate how changes in
SRT affect the performance of a PSBR with shortcut nitrogen removal. This study continues the
work of Arashiro et al. (2017) and investigates a broader range of SRTs and their nitrogen removal
mechanisms. A key difference between this work and the work of Arashiro et al. (2017) is the use
of struvite-precipitated effluent after thermophilic anaerobic digestion as a feed as well as the
utilization of molecular tools.
2.1 Materials and Methods
2.2.1 Algal-Bacterial Inoculum
The algal-bacterial inoculum used in this research was acclimated to high ammonia
concentrations and used in previous studies in our laboratory (Wang et al., 2015, Arashiro et al.,
2017). The reactor inoculum stock was illuminated at an average light intensity of 100 mol/m2/s
(12 hrs light/12 hrs dark) and fed daily using a modified artificial wastewater as described by Wang
et al. (2016) with an NH4+-N concentration of approximately 300 mg/L. The predominant algal
species in the algal stock reactor was previously identified as Chlorella sp. (95.2%), followed by
Chlamydomonas (3.1%), and Stichococcus (1.1%) (Wang et al., 2016).
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2.2.2 Anaerobically Digested Waste Activated Sludge Sidestream
Effluent from a pilot-scale (24-L working volume) thermophilic (47-55C) anaerobic
digester, operated at a 15-20 d SRT, served as a source of sidestream for these experiments. The
digester was fed with a mixture of a sludge cake and a secondary clarifier supernatant from the
Hillsborough County Public Utilities Falkenburg Advanced Wastewater Treatment Plant
(FAWTP) (Brandon, Florida, USA). The treatment train of FAWTP includes a fermentation basin
and oxidation ditches to promote EBPR. Oxidation ditches at FAWTP operate at mean cell
residence times between 15-51 days (7-d moving average) (Kassouf et al., 2019). The sludge cake
and supernatant were collected every two weeks and stored at 4C until use. Before feeding, to
avoid temperature shock of the anaerobic digestion, the sludge cake was mixed with the
supernatant for 12-14 hours at 500-600 rpm using a magnetic stirrer and then heated to 55±10°C.
Struvite precipitation was used to recover phosphorus from the digester centrate prior to
feeding the PSBRs. The method used for struvite precipitation at bench scale is described in detail
by Orner et al. (2018). The supernatant after struvite precipitation was centrifuged for 20-30
minutes at 4500 rpm to remove suspended solids using a Thermoscientific Sorvall Legend RT Plus
(Waltham, MA) centrifuge and then diluted to achieve the target NH4+-N concentration of 300
mg/L. The average composition of the diluted centrate that was used as an influent to PSBRs is
shown in Table 2.1.
Table 2.1 Average composition of diluted struvite-precipitated centrate used as
PSBR influent
Parameter
Units
Value
Total suspended solids (TSS)
mg/L
158±167
Volatile suspended solids
mg/L
95±124
(VSS)
NH4+-N
mg/L
303±58
PO43--P
mg/L
69±43
pH
8.4±0.4
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2.2.3 Algal-Bacterial PSBRs
Three bench-scale cylindrical glass PSBRs (diameter 17 cm, height 23 cm), each with a
working volume of 2 L, were set up in a constant temperature room at 21 °C. The reactors were
operated at an HRT of 4 days and SRTs of 5, 10 and 15 days for 431 days. Each PSBR cycle
consisted of 24 hours and included feed, react, settle and decant stages (Figure 2.1). The feed was
added in the beginning of the light period, while sodium acetate was added as a carbon source at
the beginning of the dark period. To maintain the required SRT in each reactor, daily wastage was
done at the end of the dark period before the settling phase. The wasted volume was calculated
based on desired SRT and the concentrations of TSS in the reactor and the effluent according to
the following equation (1):
SRT = 𝑇𝑆𝑆

𝑅

𝑇𝑆𝑆𝑅 𝑉𝑅
∙𝑄𝑊 +𝑇𝑆𝑆𝐸 ∙𝑄𝐸

(1)

where TSSR is the biomass concentration of the mixed liquor (g/L); TSS E is the biomass
concentration of the effluent (g/L); VR is the volume of the reactor (L); QW is the flow rate of the
wasted mixed liquor (L/d); QE is the effluent flow rate (L/d).

Figure 2.1 Bench-scale shortcut nitrogen PSBR (schematic) and its operating cycle
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Feeding (50 min)

Sodium acetate

Settling (110 min)

Dark period (12 hrs)

Light period (12 hrs)

Wasting

Decanting (10 min)

Figure 2.1 (continued)
Masterflex C/L (Cole-Palmer, CA) peristaltic pumps were used to add the influent and the
carbon source (acetate) and Masterflex L/S (Cole-Palmer, US) pumps were used to decant the
effluent. The reactors were illuminated using poly-chromatic LED lights (KIND LED K5 Series
XL750 Indoor Grow Light, USA) located on top to simulate natural light conditions. The LED
lamp consisted of 3 and 5 watt diodes with 12 band complete spectrum that emitted light within
the photosynthetic range of 400-700 nm. The LED light array was automatically programmed to
switch off after 12 hours to maintain the 12 hours light/12 hours dark cycle. The light intensity or
light flux was expressed as µmol photons/m2/s. Mixing of the reactors was done using magnetic
stirrers at a low speed (200 rpm) to maintain the algal-bacterial biomass in suspension except for
during settling and decanting stages. A ChronTrol timer (San Diego, CA) was used to control the
influent and effluent pumps and the mixers.
The PSBRs were operated in three different phases (Figure 2.2). During phase I the reactors
were illuminated at a light intensity of 100 mol/m2/s. The light intensity was increased to 200
mol/m2/s at the beginning of phase II. Note that during the 22-day period between phase I and
phase II, the PSBRs were operated without biomass wastage to increase the biomass concentration.
During Phase III, the robustness of the system was investigated after a 4-day shut-down of the
PSBRs.
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100 mol/m2/s

Phase I
Day 1 - 71

200 mol/m2/s

200 mol/m2/s

Phase II
Day 95 - 335

Phase III
Day 341 - 433

Biomass buildup
Day 72-94

Shutdown
Day 336 - 340

Figure 2.2 Main operating phases of PSBRs and light intensity during each phase
2.2.4 Molecular Analysis of N Metabolism Genes
According to R. Keeley (2019), who did the molecular analysis,
During phase III, samples were collected from each PSBR (SRT 5, 10 and
15 days) over two 24 hr cycles at six timepoints; three timepoints were during the
illuminated portion of the cycle (0, 1, and 6 hrs), and three were during the dark
portion of the cycle (12, 13, and 18 hrs). At each time point, 1.5 ml aliquots were
collected from each PSBR. Samples were centrifuged, decanted, flash frozen using
liquid nitrogen, and then stored at -80°C until processed. Chemical analysis of the
supernatant was done concurrently.
Nucleic acid extractions were performed by combining frozen pellets from
two 1.5 ml PSBR aliquots for each time-point. Samples were processed with MO
BIO DNeasy PowerSoil® Kit for DNA and MO BIO PowerSoil® Total RNA
Isolation kit for RNA following the manufacturer’s protocol. Extracted DNA and
RNA were quantified using a ThermoScientific NanoDrop® ND-1000.
qPCR and qRT-PCR standards were made using amplicons or transcripts,
respectively. Betaproteobacteria amoA was amplified from Nitosomonas europaea
ATCC 19718 gDNA and all other biomarkers (COMAMMOX amoA, cytoplasmic
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nxrB, periplasmic nxrB, Proteobacteria nosZ and Bacteroidetes nosZ) were
synthesized into pUC57-kan (Genescript, Inc.). Each biomarker was amplified using
sequence specific primers before being cloned into pCR 2.1 TOPO using the TOPO®
TA Cloning® Kit (Invitrogen, Life Technologies) and examined for fidelity and
orientation through sequencing (Macrogen Inc.) (Table 2.2).
Linear PCR amplicons of each biomarker were used as DNA standards for
qPCR. Primers for generating these amplicons are listed in Table 2.2. PCR
MasterMix (ThermoScientific) was used for the PCR reactions (95°C for 5 min
followed by 95°C for 30s (melting), annealing temp for 30s, and 72°C
(polymerization) for 30s, 30 cycles). Amplicons were purified (QIAquick® PCR
Purification Kit, QIAGEN) and stored at -20°C.
Table 2.2 qPCR Primers for Nitrogen Metabolism2
Biomarker

Primer

Sequence (5’ → 3’)1

Betaproteobacteria
amoA
AOA amoA

Beta amoA F RK
Beta amoA R RK
AOA amoA F RK
AOA amoA R RK
COMA amoA F RK
COMA amoA R RK
Peri nxrB F RK
Peri nxrB R RK
NxrB-1F 3
NxrB-1R 3
nosZ-I F RK
nosZ-I R RK
nosZ-II F RK
nosZ-II R RK

GACTGGGAYTTCTGGMTKGAYTGGAA
TGYGACCACCAGTARAAWCCCCAG
GCMTTCAARTATCCRAGRCCRACRYTGCCW
TACMGATGGATGGCCGCNTGGWSMAAG
GGRACYTTYCAYATGCACACVGC
ACCACCAMGAVGTRTARACSGCAA
GTGGAACAAYGTGGARACSAAGCC
SACRAASCGCCAYTCYTGGTC
ACGTGGAGACCAAGCCGGG
CCGTGCTGTTGAYCTCGTTGA
GAVGAYSTSACSCAYGGYTT
TGSADBGCVKRRCAGAA
CGTTGCAYACNSARTTYGA
CKRTYCTTNGYNAKYTTRTT

COMAMMOX amoA
Periplasmic nxrB
Cytoplasmic nxrB
Group I nosZ
Group II nosZ

Length
(nt)2
199
231
225
230
410
142
207

1International

Union for Bacteriology codes for bases: Y, C or T; R, A or G; M, A or C; K, G or T; S, G or C; W, A or T; H, A,
C, or T; D, A, G, or T; and N, A, C, G, or T.
2 Sequence sites and amplicon length are with respect to the genes from the reference organisms, collected from the Integrated
Microbial Genomes database.
3 (Vanparys et al., 2007)

Note. From “Design and Implementation of Degenerate qPCR/gRT-PCR Primers to Detect Microbial Nitrogen
Metabolism in Wastewater and Wastewater-Related Samples”, by R. Keeley, 2019, p. 52. Copyright 2019 by
Copyright Holder. Reprinted with permission
2
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qRT-PCR transcripts were produced from pCR 2.1 TOPO using the T7
MEGAscript kit (Invitrogen), purified via phenol:chloroform extraction followed by
an isopropanol precipitation and dissolved in PCR-grade water. RNA standards were
stored at -80°C.
Copy numbers for standards were calculated as (NA is nucleic acid as either
DNA or RNA):
𝐶𝑜𝑝𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 = 𝑛𝑔 𝑁𝐴 ×

𝑚𝑜𝑙 𝑁𝐴
𝑛𝑔 𝑁𝐴

𝑐𝑜𝑝𝑖𝑒𝑠

× 6.02 × 1023 𝑚𝑜𝑙 𝑁𝐴 (2)

Gene or transcript copy numbers in samples were quantified using Thermo
Scientific Applied Biosystems OneStep® Real-Time Light Cycler with StepOne
software

and

QuantiTect®SYBR®Green

PCR

(QIAGEN)

and

QuantiTect®SYBR®Green RT-PCR (QIAGEN), modified to 20µl reaction volumes,
for DNA and RNA respectively. The following primer pairs were used to track steps
in nitrogen metabolism: Beta amoA RK, AOA amoA RK and COMA amoA RK were
used to track nitritation, Peri nxrB RK was used to track periplasmic nitratation, and
nosZ-I RK and nosZ-II RK were used to track denitrification (Keeley et al., 2019).
Cytoplasmic nitratation was tracked using nxrB-1F/1R (Vanparys et al., 2007).
Primers are detailed in Table 2.2. Five 1:10 serial dilutions of standards were run in
triplicate with R2 = 0.9-1.1. and efficiency between 90=110% on each 48-well plates.
Samples, no template controls (NTC), and no reverse transcriptase controls (NRTC)
were also run in triplicate.
2.2.5 Data Analysis
A mass balance on nitrogen was conducted, which included nitrogen removal via
nitritation/denitritation, nitrogen assimilation into algal-bacterial biomass and ammonia
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volatilization. A mass balance on oxygen was conducted, which included net oxygen production
by microalgae (photosynthesis and respiration), oxygen transfer to and from the atmosphere under
reactor mixing conditions, stoichiometric oxygen requirements for nitritation and COD oxidation
by heterotrophic microorganisms.
Statistical analysis of the chemical data was performed using the softwares SPSS Statistics
26 and Minitab 16 Statistical Software. Statistical difference between the reactors were determined
using one-way analysis of variance (ANOVA) with p<0.05 being significantly different. A
multiple linear regression analysis was done for each reactor to estimate the influence of the main
parameters, both in the influent and the reactor, on nitrogen removal under different SRTs.
Nitrogen removal efficiency was considered as the dependent variable; chemical and physical
parameters were considered as independent variables. One-way ANOVA and Tukey’s test were
used to determine if there was a significant difference between SRT as an independent variable
and biomass concentrations as dependent variables.
For the molecular analysis, Welch’s t-test for independent samples with unequal variance
and sample size (α = 0.05) was used to determine whether amplicon abundance differed from the
NTC or NRTC. Targets were considered ‘not detected’ when the samples were not statistically
different from the NTC or NRTC.
2.2.6 Analytical Methods
Samples of the influent, mixed liquor and effluent were collected three times per week,
filtered immediately using 0.45m filters and analyzed for ammonium (NH4+), sodium (Na+),
magnesium (Mg2+), nitrite (NO2-), nitrate (NO3-) and phosphate (PO43-). Dissolved oxygen (DO),
pH, temperature, conductivity, chlorophyll a, TSS and VSS were measured weekly. Soluble COD
(sCOD), readily biodegradable COD (bdCOD), volatile fatty acids (VFA) and alkalinity were
21

measured periodically. The reactors were considered as achieving steady state when the nitrogen
removal efficiency remained constant with little variability for three consecutive samples after
operating at >3 SRTs. Five hourly studies were done during Phase II (day 169, 219, 253, 330) and
Phase III (day 421) to investigate the behavior of the reactors over a 24-hour period. During these
studies, samples were taken from each PSBR every hour, filtered immediately through 0.45m
filters and analyzed for NH4+, NO2-, NO3-, sCOD. In addition, pH and DO were also measured insitu every hour. At the end of Phase III (days 425-429) samples were collected for molecular
analysis with concurrent chemical analysis.
Concentrations of the major nitrogen species (NH4+, NO2-, NO3-), Na+, Mg2+ and PO43were measured using a Metrohm Peak 850 Professional AnCat ion chromatography (IC) system
(Metrohm Inc., Switzerland). During a few times when the IC was unavailable, NH4+ and the sum
of NO2- and NO3- were measured using a Timberline Instruments Ammonia Analyzer (Model TL2800, Boulder, Colorado, USA), NO2- was measured using the Standard Methods (APHA et al.,
2012) and PO43- was measured using TNT 845 Hach test kit. TN was measured using TNT 828
Hach TN Reagent kits (Hach Inc., US), COD was measured using Vario Tube Test (Loveland Co)
COD HR test kits (0-1500 mg/L), VFA concentrations were measured using Hach TNT plus 872
test kits. Readily biodegradable COD (rbCOD) was determined using the method described by
Mamais et al. (1993). The concentrations of TSS and VSS, alkalinity and sludge volume index
(SVI) were determined according to Standard Methods (APHA et al., 2012). pH, DO and
conductivity were measured using calibrated Orion GS9156 pH, DO and conductivity meters
(Thermo Fisher Scientific Inc., Waltham, MA). Chlorophyll a was analyzed using the ethanol
extraction method in accordance with the NEN 6520-Dutch Standard. Light intensity was
determined using an ExTech Easyview 30 light meter (ExTech Inc., Walthan, MA). A Nikon
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Eclipse E2000 Microscope (Tokyo, Japan) was used for microscopic observation of the algal
biomass.
2.3 Results and Discussion
2.3.1 Struvite Precipitation and Its Effect on Feed Composition
PSBRs were initially designed to treat a supernatant from a pilot-scale thermophilic
anaerobic digester. The substrate used to feed the digester was waste activated sludge from an
enhanced biological phosphorus removal facility with phosphorus content of about 3-6% of the
sludge dry weight. Therefore, during the digestion a significant amount of phosphorus, stored as
Poly-P, was released into the anaerobic digestion supernatant (Bi et al., 2014; Pastor et al., 2008).
To prevent the recycle of high phosphorus loads, excess phosphorus was removed from the
supernatant in the form of struvite, prior to feeding the PSBRs (Figure 2.3).
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Figure 2.3 Concentrations of phosphorus in anaerobic digestion effluent and after struvite
precipitation
Operation of struvite precipitation reactor at initial molar Mg2+/PO43- ratio of 1.6 resulted
in an average phosphorus removal of 84±24%. Considering that phosphorus is an essential element
for microalgae growth, to avoid phosphorus limitations in PSBRs the molar Mg2+/PO43- ratio was
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adjusted to 1.3. This resulted in a reduction in phosphorus removal efficiency to 67±24%, which
was in agreement with other studies (Pastor et al., 2008). Struvite-precipitated liquid digestate was
previously used for microalgae cultivation for biodiesel production (Jiang et al., 2018). The authors
pointed out that typically struvite precipitation effluent has high pH and salinity and unfavorable
N:P ratio for microalgae growth. The generation of effluent with optimum composition for
microalgae would require a careful control of chemical addition and reaction conditions in a
struvite precipitation reactor.
The concentration of ammonium in struvite-precipitated supernatant was 1,530±130
mgN/L (Orner et al., 2019), which was equivalent to a FA concentration of 225±28.6 mgN/L (pH
= 8.5). FA inhibition to microorganisms has been reported in many studies (Anthonisen et al.,
1976; Abeliovich & Azov, 1976; Collos & Harrison, 2014; Uggetti et al., 2014). To reduce FA
inhibition to the algal-bacterial consortia and at the same time meet the target influent nitrogen
concentrations, struvite-precipitated supernatant was diluted with deionized water. The
concentrations of ammonium and phosphorus in PSBRs feed are presented in Figure 2.4. Feeding
started with low ammonium concentrations to adapt the algal-bacteria consortia. After that, the
ammonium concentration in the influent was increased and stabilized at 302±11.9 mgN/L.
However, high variability in phosphorus concentrations in the influent was observed during all
three phases, which was related to the performance of struvite precipitation reactor (Figure 2.3).
Besides ammonium and phosphorus, due to the addition of sodium (NaOH) for pH increase and
magnesium (MgCl2∙6H2O), the elevated concentrations of both sodium and magnesium in the
influent were also observed (Figure C.1).
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Figure 2.4 Variability of ammonium (A) and phosphorus (B) in the feed over the duration of the
experiment
To avoid phosphorus limitations and decrease phosphorus variability, struvite precipitation
might also be carried out after algal-bacterial shortcut nitrogen removal. Since struvite
precipitation requires equimolar ratios of PO43- and NH4+, to achieve a high precipitation efficiency
PSBR effluent should contain sufficient ammonium. This can be achieved by increasing the
influent ammonium concentration, which would result in FA accumulation and reduction in
nitrogen removal efficiency. The main drawback of this configuration is residual ammonium
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concentration in struvite-precipitated effluent, that would need to be returned to the head of the
plant. In addition, the economic feasibility in terms of phosphorus recovery from less concentrated
PSBR effluent should be investigated further.
2.3.2 Biomass Concentration
Changes in TSS and VSS concentrations with SRT in all three reactors are shown in Figure
2.5. Overall, biomass concentration in the reactors showed a lot of variability but exhibited similar
trends throughout the study. Despite the variability, a near steady state conditions were observed
during phases I and II when the reactors were operated at >3 SRTs. Factors such the concentrations
of ammonium, phosphorus, magnesium, and sodium in the influent and SRT and pH in the reactor
are known to affect biomass concentration. Pearson correlation coefficients for different variables
are presented in Table 2.3. The analysis confirmed a strong positive correlation between TSS and
SRT (Pearson correlation coefficient of 0.5-0.55). A strong negative correlation between TSS and
pH was also observed, especially for R1 with the lowest SRT (Pearson correlation coefficient of
0.6), which was observed by other studies (Sui & Vlaeminck, 2018).
Average TSS, VSS, and chlorophyll a concentrations are presented in Table 2.4. As
expected, an increase in both TSS and VSS concentrations with increasing SRT was observed in
all three reactors within each phase (p<0.05), with the lowest concentration in R1 operated at the
lowest SRT. Chlorophyll a also increased with SRT during phases I and II (p<0.05). Unexpectedly,
during phase III, no significant difference (p>0.05) was observed in chlorophyll a concentrations
in R1 operated at an SRT of 9.128.89 and R2 operated at an SRT of 16.312.8 despite different
VSS concentrations. A possible explanation could be a small number of samples taken during
phase 3 that were analyzed for chlorophyll a (n=5).
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Figure 2.5 Changes in biomass concentration with SRT in three PSBRs across all phases:
R1 (A), R2 (B), R3 (C)
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Table 2.3 Pearson correlation analysis for the effect of variables on biomass concentration
Reactor Parameters NH4+ inf. PO43- inf.
Na+ inf.
Mg2+ inf.
pH
SRT
R1
TSS
0.271*
0.182
0.044
-0.110
-0.591*
0.547**
R2
TSS
0.371*
0.173
-0.037
-0.175
-0.365*
0.504**
R3
TSS
0.337**
0.233
-0.193
-0.292*
-0.143*
0.544**
** p<0.01
* p<0.05

Average chlorophyll a concentrations measured during phase I at different SRTs were
significantly lower than the values of 17.4-28.5 mg/L reported by Wang et al. (2015) for a PSBR
with TSS of 0.77-1.23 g/L operated with an SRT of 8 days and illuminated by similar light intensity
of 105±7.2µmol/m2/s. Chlorophyll a concentrations are known to fluctuate depending on nutrient
availability. In the present study phosphorus limitation during phase I was most likely the reason
for low chlorophyll a concentrations (Chen et al., 2011). During phase II, the chlorophyll a ratio
ranged from 0.86% to 1.17%, which was similar to the values of 0.5-1.1% reported in previous
studies (Rada-Ariza et al., 2019). A high chlorophyll a fraction typically indicates the dominance
of algal biomass in a reactor. Biomass characterization done in section 2.3.3 also showed that the
majority of biomass in the reactors were algae. Microscopic observations also show algal-bacterial
flocs with predominantly algal biomass (Figure C2).
An increase in light intensity from 100 µmol/m2/sec (phase I) to 200 µmol/m2/sec (phase
II) did not have a significant effect on the biomass concentration during phase II (p>0.05), although
an increase in chlorophyll a concentrations was observed (Table 2.4). Ho et al. (2012) and Liao et
al. (2014) reported an initial increase in the microalgal specific growth rate with an increase in
light intensity, which then leveled off, which corresponds well with the observations of this study
(Figure 2.5). In the beginning of Phase III, the wastage was temporarily stopped to recover the
algal-bacterial biomass in the reactors, which resulted in increased SRT and biomass
accumulation.
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Table 2.4 Biomass concentration in the reactors operated at different SRTs across different phases
Parameters
R1
SRT
4.530.29
0.77±0.18a

Phase I
R2
SRT
7.791.15
1.35±0.15b

R3
SRT
11.97.07
1.62±0.18c

R1
SRT
5.382.33
0.78±0.26a

Phase II
R2
SRT
11.05.37
1.55±0.30b

R3
SRT
17.49.9
2.26±0.33c

R1
SRT
9.128.89
0.91±0.47a

Phase III
R2
SRT
16.312.8
1.63±0.49b

R3
SRT
31.232.9
2.67±0.83c

TSS, g/L
(mean±S.D.)
VSS, g/L
0.64±0.18a 1.20±0.13b 1.42±0.15c 0.68±0.25a 1.41±0.28b 2.08±0.31c 0.84±0.46a 1.54±0.48b 2.53±0.82c
(mean±S.D.)
VSS/TSS,
82.0±6.3a
88.6±2.6b
88.2±2.9b
86.9±6.4a
90.7±3.1b
92.2±2.3b
91.3±5.5a 93.7±2.5ab 94.7±2.0b
%
(mean±S.D.)
Chlor. a,
1.95±0.55a 4.37±0.96b 6.84±2.01c 6.99±4.16a 17.9±4.9b
25.8±7.4c 2.25±0.82a 6.39±1.01a 11.9±4.3b
mg/L
(mean±S.D.)
Chlor.
0.28±0.11a 0.33±0.09ab 0.43±0.12b 0.86±0.33a 1.17±0.33b 1.15±0.29b 0.37±0.16a 0.44±0.13a 0.59±0.27a
a/TSS, %
(mean±S.D.)
Concentrations with the same letters within each phase are not significantly different from each other (Tukey’s test, p<0.05).
Table shows mean and standard deviation.
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Under outdoor conditions, solar radiation intensity can reach to 1,200 µmol/m2/sec during
winter time and 2,000 µmol/m2/sec during summer time. It has been reported that light intensity
higher than 200 µmol/m2/sec inhibits algal growth and nitrification (Lipschultz et al., 1985).
However, even under full sunlight photoinhibition typically occurs near reactor surface, whereas
cell self-shading decreases light intensity with reactor depth (Carvalho et al., 2011). Operation of
the reactors at higher SRTs increases biomass density, which results in greater light attenuation
(Arashiro et al., 2017).
A change in light intensity with distance from the surface of PSBRs operated at different
SRT is shown in Figure 2.6. Light intensity inside the reactors decreased with distance and was
dependent on biomass concentration. Reactor at 5 d SRT was completely illuminated due to low
biomass concentration (0.78±0.26 gTSS/L), whereas only an upper layer was illuminated at 15 d
SRT (2.26±0.33 gTSS/L).
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Figure 2.6 Change in light intensity with distance from the surface of PSBRs operated at SRTs of
5, 10, and 15 days (day 399)
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Biomass washout was frequently observed in R1 operated at SRT of 5 days during phases I and II,
which was characterized by high TSS concentration in the effluent, sometimes approaching 90%
of TSS concentration in the reactor. Low SRT was found to generate less stable flocs (Liss et al.,
2002). Sludge volume index (SVI) measurements at the end of phase III showed moderate biomass
settleability for SRT 10 days (185±20 mL/g) and 15 days (133±21 mL/g), despite elevated
magnesium concentrations in the reactor, which are known to promote flocculation (Vandamme
et al., 2012). In comparison, Arashiro et al. (2017) and Wang et al. (2015) reported SVI of 53-58
mL/g for SRTs 7 and 11 days and 62±16 mL/g for SRT 8 days, respectively, for the similar
systems. One possible explanation could be different algae species and their settling properties.
During the operation of the reactors, a shift in algal communies was observed. The reactors
were inoculated with the algal biomass containing primarily Chlorella sp. (95.2%),
Chlamydomonas (3.1%) and Stichococcus (1.1%) (Wang et al., 2015). DNA analysis done at the
end of the study (data not shown) showed the majority of algal species to be Stichococcus sp.,
which has a high resistance to a wide range of temperatures, pH and salinity and can grow in both
freshwater and marine environments under photoautotrophic and heterotrophic conditions (Ahmad
and Hellebust, 1986). Due to their high lipid content and fatty acids distribution, Stichoccocus sp.
have been cultivated for biodiesel production (Gargano et al., 2016; Olivieri et al., 2013). The
community shift was probably due to the high salinity of the struvite-precipitated supernatant used
as a feed (Figure B1).
2.3.3 Nitrogen Removal Efficiencies and Rates at Different SRTs
2.3.3.1 Ammonium Removal Efficiency
Profiles of nitrogen species and ammonium removal efficiencies in all three reactors across
different phases are shown in Figure 2.7. It should be noted that variations in nitrogen removal
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efficiencies presented in this study are quite common for full-scale systems fed with real
wastewater due to unstable influent composition (Le et al., 2019).
During phase I, an increase in effluent ammonium concentration was observed in all three
reactors, which was accompanied by a reduction in ammonium removal efficiency to 20-30%
(Figure 2.7). Accumulation of ammonium in the reactors and increased pH of 8.5-9 of struvite
precipitated effluent led to an increase in free ammonia (FA) concentrations to 18-26 mgN/L. High
FA concentrations in the range of 10-150 mgN/L have been reported to be inhibitory for AOM
(Anthonisen et al., 1976), which might explain reduced ammonium removal efficiency. Increase
in effluent ammonium concentrations also coinsided with an increase in biomass concentrations
(Figure 2.5), which possibly led to greater light attenuation and lower oxygen production (Arashiro
et al., 2017).
During Phase II ammonium removal efficiencies above 90% were observed in all three
reactors, possibly due to either phosphorus availability in the influent (Figure 2.4) or increased
light intensity. Wang et al. (2015) reported an increase in nitritation rates to 76.3% and ammonium
removal efficiency to 93% with an increase in light intensity from 74 mol/m2/s to 105 mol/m2/s.
Phosphorus limitation was shown to cause low TN removal efficiency by algae, althouth algae
were still able to grow at very high N/P ratios (Xin et al., 2010; Yu et al., 2017). Nitrate
concentrations in the effluent were below detection limit, with an exception of one day when nitrate
concentration increased to 16 mgN/L in R1 (day 115) and R2 (day 118). Nitrite was mostly
removed, except for a few periods when denitritation was limited by organic carbon added to the
reactors. Analysis of nitrogen removal efficiencies during Phase III will be discussed below.
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Figure 2.7 Profiles of N species and nitrogen removal efficiencies with time in PSBRs operated
at different SRTs across three phases: R1 (A and B), R2 (C and D), R3 (E and F)
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Figure 2.7 (continued)
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Figure 2.7 (continued)
Average concentrations of nitrogen species and nitrogen removal efficiencies in three
reactors are presented in Table 2.5. Similar nitrogen removal efficiencies were observed in three
reactors operated at different SRT within each phase. The observed results are similar with the
findings of Arashiro et al. (2017), who also observed similar nitrogen removal efficiencies in two
PSBRs operated at SRTs of 7 and 11 days. Rada-Ariza et al. (2019) operated a PSBR at SRTs of
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17, 26, 48, and 52 days and also found no difference in the removal efficiencies (97%, 99.9%, 94%
and 100%, respectively). On the other hand, Bradley et al. (2019) found the highest TN removal
(92.5%) at an SRT of 5 days, followed by 84% at an SRT of 10 days and 70% at an SRT of 15
days. The difference in nitrogen removal efficiencies between the present study and previous
studies at similar SRTs is probably due to high variability in biomass concentration and incoming
phosphorus concentration.
Table 2.5 Nitrogen species and removal efficiency in three reactors across three phases
R1
SRT
4.530.29
23880

Phase I
R2
SRT
7.791.15
23880

R3
SRT
11.97.07
23880

NH4+-N
influent, mg/L
NH4+-N
10882
10363
10173
effluent, mg/L
NO2--N
43
22
34
effluent, mg/L
NO3 -N
13
23
12
effluent, mg/L
NH4+-N
63
63
63
removal rate,
mgN/L/h
N removal
5624
5721
5822
efficiency, %
The values reported are means and standard deviations

R1
SRT
5.382.33
31256

Phase II
R2
SRT
11.05.37
31256

R3
SRT
17.49.9
31256

R1
SRT
9.128.89
30051

Phase III
R2
SRT
16.312.8
30051

R3
SRT
31.232.9
30051

5743

4148

4253

9629

8927

8436

715

916

914

26

11

01

02

13

01

00

00

00

94

104

105

83

83

83

8214

8715

8717

689

708

7311

The comparison of nitrogen removal efficiencies and ammonium removal rates between
different phases showed that the highest nitrogen removal efficiency (82-87%) and the highest
ammonium removal rates (9-10 mgN/L/h) were observed during phase II (p<0.05).
2.3.3.2 Nitrogen Removal Rates and Nitrogen Removal Mechanisms at SRTs of 5, 10, and 15 days
To gain a better understanding of nitrogen transformations and nitrogen removal
mechanisms in reactors operated at SRTs of 5, 10, and 15 days, an hourly study was done at the
end of phase II, where samples were collected every hour during an entire 24-hour cycle. During
that time, the reactors were operated at a steady state and SRT remained constant for >3SRTs. It
should be noted that at the end of phase II fluctuations in nitrogen removal efficiency in the PSBR
operated at 5 d SRT were observed, which explains lower ammonium removal during this time in
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comparison with the average values presented in table 2.5. Profiles of different nitrogen species,
DO and pH are shown in Figure 2.8.
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Figure 2.8 24-hour profiles of nitrogen species, pH and DO at SRTs of 5 days (A and B), 10 days
(C and D), and 15 days (E and F) (day 329)
During the light period all ammonium was removed at 15 d SRT, followed by 90% removal
at 10 d SRT and 30% removal at 5 d SRT. Ammonium removal rates at SRTs of 5, 10 and 15 days
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were 3.9 mgN/L/h, 7.5 mgN/L/h and 8.8 mgN/L/h, respectively. An increase in nitrite
concentration during the light period and low nitrate production (<1 mgN/L) indicated NOB outselection (Wang et al., 2015). NOB inhibition is a key factor for shortcut nitrogen removal. NOB
was shown to be inhibited by FA in the range of 0.1-1 mgN/L, whereas the FA inhibitory range
for AOM was 10-150 mgN/L (Anthonisen et al., 1976). High pH from struvite precipitated effluent
in combination with high ammonium concentration resulted in free ammonia concentration of 16
mgN/L for the PSBR with 5 d SRT and 5 mgN/L for the PSBRs with 10 d SRT and 15 d SRT.
High FA concentration in a PSBR with 5 d SRT could explain lower ammonium removal rates in
the reactor. Organic carbon added in the beginning of the dark period promoted denitritation,
which decreased nitrite concentration. The overall TIN removal was 40% at 5 d SRT, 100% at 10
d SRT and 90% at 15 d SRT. The lower TIN removal at 15 d SRT in comparison with 10 d SRT
was related to residual nitrite concentration (9 mgN/L) due to insufficient organic carbon addition.
During the light period DO concentration continuously increased from 0.3 mg/L to 7.3
mg/L (10 d SRT) and 9.7 mg/L (15 d SRT), which was related to a decrease in substrate (NH4+)
concentration. An increase in DO concentration to 8 mg/L at 5 d SRT can be explained by low
biomass concentration and higher light penetration (Figure 2.6), which led to higher oxygen
production (Arashiro et al., 2017). Low biomass concentration and frequent biomass washout
could be another reason for low ammonium removal rates in the PSBR operated at 5 d SRT.
Despite the higher light penetration, the overall light intensity (200 µmol/m 2/s) was low enough
so that AOM activity was not inhibited.
Maximum oxygen production by algae can be calculated based on the theoretical quantum
yield and the applied light intensity. Assuming the maximum theoretical quantum yield of 0.125
molO2/mol photons (Iluz&Dubinsky, 2013), the maximum oxygen production by algae at the light
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intensity of 200 µmol/m2/s would be 2.88 gO2/m2/h or 1.58 gO2/d. This would result in the
maximum ammonium removal of 490 mgN/d.
Based on VSS concentrations and chlorophyll a concentrations, an estimation of the algalbacterial biomass composition was done. Biomass was found to be mainly composed of algae,
with 6724% at 5 d SRT, 7636% at 10 d SRT and 8421% at 15 d SRT.
To identify the main nitrogen removal mechanisms in PSBRs operated at SRTs of 5, 10
and 15 days, the approach suggested by Wang et al. (2014) was used to calculate the nitrogen mass
balance for three reactors. The following nitrogen removal mechanisms were considered:
denitrification of nitrogen by microorganisms, nitrogen assimilation into algal-bacterial biomass,
volatilization of ammonium to the atmosphere. The mass of incoming nitrogen was calculated
based on the flow rate and measured concentrations of ammonium. Mass of nitrogen leaving the
reactor was calculated based on the concentrations of ammonium, nitrite and nitrate measured in
the effluent and flow rate. Nitrous oxide emissions were measured and found negligible (data not
shown). The main nitrogen removal mechanisms at different SRTs are presented in table 2.6.
Table 2.6 Main nitrogen removal mechanisms in PSBRs operated at different SRTs
SRT
5 days
10 days
14 days

Ammonia
volatilization, %
7.1
1.3
1.3

Biomass assimilation,
%
11.2
8.6
9.2

Denitritation, %
81.7
90.1
89.5

Based on the results, denitritation was the main mechanism of nitrogen removal, followed
by biomass assimilation and ammonia volatilization. Longer SRTs promoted stable denitritation,
while at shorter SRT an increase in biomass assimilation was also observed. These results are
consistent with other studies (Bradley et al., 2019; Rada-Ariza et al., 2019). Ammonia
volatilization played an important role in nitrogen removal at 5 d SRT due to high pH and high
ammonium concentration in the reactor.
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During Phase III after the system shutdown for a few days nitrogen removal efficiency
decreased considerably in all PSBRs, which led to ammonium accumulation in the effluent (Table
2.5). Very little nitrite accumulation (<4 mgN/L) was observed at 5 d SRT and 10 d SRT (data not
shown). One of the reasons might be increased FA concentration (37-45 mgN/L) in PSBRs, which
is within inhibitory range for both AOM (10-150 mgN/L) and NOB (0.1-1.0 mgN/L) (Anthonisen
et al., 1976). Volatile fatty acids (VFA) present in the influent could be another reason for
decreased nitrogen removal rates. During the digester shutdown, VFA accumulation occurred and
its concentration in the digester effluent increased to 1,720119 mg/L. Reduced nitrite removal
rates have been observed at VFA concentration of 1,500 mg/L (Oguz et al., 2006). In addition,
VFA added with the feed in the beginning of the light cycle could also increase the competition
between facultative heterotrophic microorganisms and AOM for the limited DO. VFA could also
be responsible for some simultaneous nitrification-denitrification occurring in PSBRs during the
light cycle, which is supported by molecular analysis (see below). After the modification of the
digester operation to reduce VFA accumulation at the end of Phase III, its concentration in the
effluent decreased to 411 mg/L. At the same time, an increase in nitrogen removal efficiency was
observed in all three reactors (67%, 75% and 92%, respectively).
2.3.3.3 Molecular Analysis
According to R. Keeley (2019), who did the molecular analysis,
Samples for molecular analysis were taken at the end of Phase III. For the two
days in which the PSBRs were sampled, nitrogen metabolism was most apparent at 15
d SRT (Figures 2.9 and 2.10), which is consistent with higher biomass present in this
reactor (table 2.4).
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Overall, trends with respect to copy numbers of genes and transcripts are
similar among the three PSBR (Figures 2.9 and 2.10). DNA and RNA copy numbers
per mL were greatest at 15 d SRT which reflects both biomass concentrations as well
as N species concentrations. Due to increased biomass concentrations, genes and
transcripts were most reliably detected in the reactors with longer SRT. Gene
abundances of amoA and nxrB generally increased during the light cycle and decreased
during the dark cycle. Gene abundance of nosZ was more stable, with less pronounced
changes during light and dark periods.
Transcript abundances for all three targets did not show clear correlations over
time (Figures 2.9 and 2.10), and were not reliably detected at 5 d SRT (likely due to
low biomass concentrations from the 3ml sample). Transcript abundances for amoA
and nosZ were high throughout, while abundances for nxrB were low in all three
reactors. Settling and biomass removal at the end of the cycle likely contributed to the
lower gene and transcript copy numbers per mL at the 24h time-point across all three
reactors.
2.3.3.3.1

Nitritation

Genes encoding ammonia monooxygenase from Betaproteobacteria and
COMMAMOX were quantified in all three reactors, but transcript copy numbers
suggest Betaproteobacteria dominated nitritation. For 15 d SRT, COMAMMOX
amoA gene copies decreased during the dark period while Betaproteobacteria amoA
gene copies did not have a clear trend (Figures 2.9 and 2.10).
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Figure 2.9. DNA Copy Numbers for Biomarkers in SRT 15 Bioreactor. (A) Nitritation-related genes measured using AOB amoA RK
and COMA amoA RK. (B) Nitratation-related genes measured using Peri nxrB RK and NxrB-1f/2r (C) Denitrification-related genes
measured using nosZ-I RK and nosZ-II RK. (D) Nitrogen species concentrations3

Note. From “Design and Implementation of Degenerate qPCR/gRT-PCR Primers to Detect Microbial Nitrogen Metabolism in Wastewater and WastewaterRelated Samples”, by R. Keeley, 2019, p. 50. Copyright 2019 by Copyright Holder. Reprinted with permission.
3
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Figure 2.10 RNA Copy Numbers for Biomarkers in SRT 15 Bioreactor. (A) Nitritation-related transcripts measured using AOB amoA
RK and COMA amoA RK. (B) Nitratation-related genes transcripts using Peri nxrB RK and NxrB-1f/2r (C) Denitrification-related
transcripts measured using nosZ-I RK and nosZ-II RK. (D) Nitrogen species concentrations4

Note. From “Design and Implementation of Degenerate qPCR/gRT-PCR Primers to Detect Microbial Nitrogen Metabolism in Wastewater and WastewaterRelated Samples”, by R. Keeley, 2019, p. 51. Copyright 2019 by Copyright Holder. Reprinted with permission.
4
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Gene copy and transcript numbers of amoA from Betaproteobacteria and
COMAMMOX showed different trends in the PSBR. For example at 15 d SRT, amoA
transcripts from Betaproteobacteria increased substantially during the first light
period, and decreased during the first dark period, while transcripts from
COMMAMOX amoA did not.
These differences in responses of amoA gene and transcript numbers from
Betaproteobacteria and COMAMMOX may reflect differences in the physiologies of
these organisms. These differences in physiology are suggested by the differences in
transcript abundance relative to DNA copy numbers (Figure 2.9). Transcripts of
Betaproteobacteria amoA increased 100-fold over the first light phase while gene
copies only increased 10-fold. COMAMMOX amoA transcript abundances remain
relatively stable while gene copy concentrations rose and fell ~1000-fold, with lowest
transcript abundances per DNA copy at the end of the light period, when nitrite began
to accumulate in the bioreactor. Since COMMAMOX can oxidize both ammonia and
nitrite (Daims et al., 2015), it may downregulate ammonia oxidation when nitrite
concentrations rise (however, see ‘Nitratation’, below). In contrast, ammoniaoxidizing Betaproteobacteria are only capable of oxidizing ammonium, and not
nitrite, and would be expected to transcribe amoA despite ammonium or oxygen
concentrations decreasing (Arp, Sayavedra-Soto, & Hommes, 2002), as was seen here.
2.3.3.3.2

Nitratation

Low levels of nitratation are suggested by low nxrB gene and transcript copy
numbers and the low levels of nitrate in the reactors (Figures 2.9 and 2.10).
Cytoplasmic and periplasmic nxrB gene copy numbers were ~2 orders of magnitude
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lower than amoA, but generally rose and fell in parallel with amoA. Consistent with
the low copy numbers of nxrB genes, transcript levels were low in all three reactors
and did not change under light vs. dark conditions. While cytoplasmic and periplasmic
nxrB gene copy numbers were similar, transcript abundances were greater for
cytoplasmic nxrB. As for differences in gene and transcript abundances for amoA
described above, these differences among nxrB transcript abundances may reflect
differences in physiology of their host organisms. Cytoplasmic nxrB is present in
Nitrobacter and Nitrococcus spp. (Lucker, Nowka, Rattei, Spieck, & Daims, 2013;
Lücker et al., 2010; Spieck & Bock, 2005), while the periplasmic form is present in
Nitrospira spp (Sorokin et al., 2012). The lower transcript numbers for periplasmic
(Nitrospira-type) nxrB is a bit surprising, given that transcripts of amoA from these
organisms relative to gene copy numbers also decrease, suggesting that these
metabolically versatile organisms (Koch et al., 2015) may adopt another mode of
growth beyond using ammonia or nitrite as an electron donor under these conditions.
2.3.3.3.3

Denitrification

nosZ gene copy numbers remained relatively constant throughout the two cycles (<10fold change). The relatively stable gene copy numbers and transcript levels suggest
that denitrifiers were active throughout the light/dark cycles, and that nitritation and
denitrification were happening simultaneously. This is also suggested by the low
concentrations of nitrite in the bioreactor (Figures 2.9 and 2.10); in the absence of
denitrification, the molar abundance of nitrite should be similar to the molar abundance
of ammonium consumed. Instead, nitrite accumulated to less than 22.7% (1st cycle) and
65.4% (2nd cycle) of the ammonium consumed, suggesting nitrite was being consumed
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as it was produced. Given the absence of nitrate accumulation, and the abundance of
nosZ gene copy numbers and transcripts, the most obvious explanation is removal via
denitrification.
For all three reactors, nosZ genes and transcripts from Proteobacteria (type I
nosZ) were generally more abundant than those from Bacteroidetes/Firmicutes (type II).
Both types of nosZ have been detected in wastewater-related environments (Kinh et al.,
2017; Lawson et al., 2017; H. Yoon, Song, & Yoon, 2017), so their co-occurrence in
these samples was expected.

Given that the factors favoring denitrifiers from

Proteobacteria versus Bacteroidetes/Firmicutes are currently under study (Conthe et
al., 2018; Graf, Jones, & Hallin, 2014; Suenaga, Riya, Hosomi, & Terada, 2018; Yoon
et al., 2016), the mechanism driving the relative abundance of these organisms is unclear
at this point.
qPCR and qRT-PCR data combined with chemical analysis supports that
shortcut nitrogen removal was successful in a PSBR operated at 15 d SRT. Contrary to
our hypothesis, possible SND during the light phase and incomplete anoxia during the
dark phase could have prevented expected trends in amoA and nosZ transcript
abundances. Reactor instability at 5 d STR and 10 d SRT resulted in no clear trend for
any of the biomarkers, when detectable.
2.4 Conclusions
A PSBR operated with shortcut nitrogen removal was able to successfully remove nitrogen
from high ammonium strength wastewater. Similar nitrogen removal efficiencies were observed
during Phase II in PSBRs operated at 5 d SRT (82%), 10 d SRT (87%) and 15 d SRT (87%). The
main nitrogen removal mechanism was denitritation followed by biomass assimilation and
ammonia volatilization. Shorter SRT also promoted higher biomass assimilation. Overall nitrogen
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removal rates were affected by the upstream processes (anaerobic digestion and struvite
precipitation). Molecular analysis confirmed the occurance of shortcut nitrogen removal process.
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Chapter 3: Ammonium Adsorption Capacity of Clinoptilolite at Different Temperatures
and in the Presence of Competing Cations 5

3.1 Introduction
Many wastewater treatment plants utilize anaerobic digestion for the reduction of organic
matter with concomitant production of renewable energy in the form of biogas (Zhang & Mo,
2013). A drawback of this process is the generation of a sidestream, rich in ammonium, that is
produced by dewatering of anaerobically digested sludge. Recirculation of the sidestream back to
the head of the plant brings additional 10-30% of total incoming nitrogen loading, which often
exceeds plant’s treatment capacity and leads to a decrease in nitrogen removal efficiency (van
Loosdrecht & Salem, 2006). Considering the aging infrastructure and costs associated with plant
upgrading or expansion, treatment of this internal stream would represent a better alternative.
Conventionally,

nitrogen

is

removed

using

biological

processes

such

as

nitrification/denitrification.
Alternative approach is to use ion exchange material, such as zeolite. Natural zeolites, such
as chabazite and clinoptilolite, are aluminum silicate minerals with high cation exchange capacity
(Hedstrom et al., 2001). Due to their high affinity for ammonium, zeolite has been used for nitrogen
removal from different types of wastewater, such as swine liquid manure (Montegut et al., 2016),
landfill leachate (Temel & Kuleyin, 2016; Martins et a., 2017), and anaerobic digestion sidestream

5

Kinetic studies were done in collaboration with C. Recinos Arenas (2019), IHE Delft
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(Aponte-Morales et al., 2016). Saturated zeolite can either be regenerated and reused or be used as
a fertilizer for nitrogen recovery (Amini et al., 2017).
The ion exchange capacity of zeolite is affected by a variety of factors, including zeolite
properties (particle size), mineral characteristics, wastewater properties (pH, initial ammonium
concentration, presence of competing cations), and operating parameters (temperature, zeolite
dosage, agitation speed). Zeolite has also been modified to increase its ammonium adsorption
capacity using various pretreatment methods, such as the addition of concentrated NaCl solution
(Lin et al., 2013) and pretreatment with natural groundwater (Aponte-Morales, 2015). Considering
an increasing interest in the use of zeolite for the treatment of anaerobic digestion sidestreams from
mesophilic or thermophilic digestion, the effect of temperature on ion exchange capacity needs to
be investigated. Based on the results of a few studies that investigated temperature ranges between
10ºC and 55ºC, no definite conclusion can be drawn. An increase in clinoptilolite ion exchange
capacity with temperature was reported by Wasielewski et at. (2018), whereas Mazloomi et al.
(2016), Karadag et al. (2006) and Vassileva & Voikova (2009) reported a decrease in ion exchange
capacity with increased temperature. Lin et al. (2013) and Montegut et al. (2016) did not observe
any significant effect of temperature on ion exchange capacity. None of the prior studies looked at
the effect of temperature in the presence of the competing cations typical of anaerobic digestion
sidestreams.
In addition to temperature, the presence of competing cations in wastewater affects ion
exchange capacity. Other cations are known to compete with ammonium for adsorption sites on
zeolite surface (Vocciante et al., 2018) A general cation affinity sequence for clinoptilolite was
developed by Ames (1960), with the following order: Cs+ > Rb+ > K+ > NH4+ > Ba2+ > Sr2+ > Na+
> Ca2+ > Fe3+ > Al3+ > Mg2+ > Li+. Montegut et al. (2016) observed a decrease in ammonium
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removal and ion exchange rates when clinoptilolite was added to liquid swine manure in
comparison to a control solution containing only ammonium. Similarly, Mazloomi et al. (2016)
showed a negative effect of competing cations, especially potassium, on ammonium removal
efficiency. The order of preference for cations was found to be mineral and substrate specific,
which requires additional research for each type of clinoptilolite and wastewater used.
The overall goal of this research was to investigate the effect of temperature and competing
cations on nitrogen removal efficiency and ammonium adsorption capacity of clinoptilolite. In
addition, dosage of clinoptilolite necessary to reduce the free ammonia (FA) concentration in
anaerobic digestion sidestream was investigated. This information was used in Chapters 4 and 5.
3.2 Materials and Methods
3.2.1 Zeolite Characterization
Clinoptilolite was obtained from St. Cloud Mining Company’s Ash Meadows Plant located
in Nevada, USA. The main properties of clinoptilolite from the manufacturer are presented in
Table 3.1. According to the manufacturer, the typical chemical composition of clinoptilolite is the
following (%): SiO2 (64.9), Al2O3 (11.9), CaO (3.4), K2O (3.2), Fe2O3 (1.6), MgO (1.4), Na2O
(0.3), P2O5 (>0.05).
Table 3.1 Properties of clinoptilolite
Properties
Pore diameter
Pore volume
Specific surface area
Ion exchange capacity
Major exchangeable cations

Values
4.0 Å (Angstrom)
15%
15 m2/g
0.8-1.2 meq/g
+
+
2+
2+
+
Rb , Na , Ba , Mg , Li , Ag+, Sr2+, Fe3+, K+, Cd2+, Cu2+, Co3+,
Cs+, Pb2+, Ca2+, Al3+, NH4+, Zn2+, Hg2+, Cr3+

Prior to all experiments, clinoptilolite was pretreated using local groundwater (USF
Botanical Gardens, Tampa, FL) to desorb excess Na+ and improve its ion exchange capacity
(Aponte-Morales, 2015). Briefly, clinoptilolite was sieved to achieve a particle size of 1-2 mm,
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rinsed several times with deionized water to remove dust and dried for 24 hours at 103C. Then it
was placed in 250 mL flasks filled with 200 mL of groundwater for 3 hours with shaking at 200
rpm using a VWR orbital shaker. After the liquid was decanted, clinoptilolite was rinsed again
with deionized water and dried for another 24 hours at 103C.
3.2.2 Isotherm Studies
Isotherm studies were done to determine the effect of temperature on ion exchange capacity
using four different dosages of clinoptilolite, according to the protocol developed by AponteMorales et al. (2016). After the pretreatment step described previously, different masses of
clinoptilolite (0 g, 25g, 50 g, 75 g, 100 g) were placed in duplicate in 250 mL flasks filled with
150 ml of synthetic wastewater designed to mimic partially nitrified high ammonia strength
wastewater used as anammox reactor influent. The major cations present in synthetic wastewater
and their concentrations were the following (mg/L): Na+ (691), NH4+-N (1,672), K+ (126), Ca2+
(312), Mg2+ (144). NH4+-N concentration was based on the results of the performance of a benchscale thermophilic anaerobic digester previously operated in our laboratory (Orner et al., 2019).
The synthetic wastewater also included 2 ml of trace element solutions prepared according to van
de Graaf et al. (1996). The flasks were covered with parafilm and placed on a VWR Advanced
Digital Shaker for 48 hours at 170 rpm. To test the effect of temperature on adsorption/desorption,
the experiment was done in two constant temperature rooms operated at 35C and 21C. Samples
were collected after 48 hours, assuming the equilibrium was established (Aponte-Morales, 2015),
and analyzed for major cations.
3.2.3 Kinetic Studies
Based on the results of isotherm study, a mass of clinoptilolite capable of reducing the
concentration of ammonium in high ammonia strength wastewaters to a level below inhibitory
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level for AOM and anammox was calculated and used in this study and subsequent desorption
studies (Chapters 4 and 5). To determine the effect of competing cations on ammonium adsorption
capacity, 250 g/L of preconditioned clinoptilolite was placed into duplicate 250-ml Ermeleyer
flasks filled with 125 ml of solution with different compositions: 1) primary effluent collected
from Harnaschpolder wastewater treatment plant (Delft, the Netherlands) spiked with ammonium
salt (NH4Cl), sodium bicarbonate (NaHCO3) and phosphate buffers; 2) deionized water spiked
with ammonium salt; and 3) deionized water. Deionized water spiked with ammonium salt without
zeolite served as a control to determine water losses and ammonia volatilization. The initial
concentration of ammonium in all flasks was 1,674 mgN/L. Samples were taken over time for
analysis of the major cations.
3.2.4 Analytical Methods and Data Analysis
Because work was carried out in two laboratories (University of South Florida, USA, and
IHE Delft, Institute for Water Education, the Netherlands), cations were measured using several
methods. NH4+ was measured using either standard method NEN6472 or with a Metrohm 881
Compact IC Pro (Herisau, Switzerland) Ion Chromatography system. Na+, K+, Ca2+, Mg2+ were
also measured using Ion Chromatography and Standard Method 3500 (APHA).
The amount of ammonium adsorbed at equilibrium (mg/g) was calculated using the
following equation:
𝑞𝑒 =

(𝐶0 −𝐶𝑒 ) ×𝑉
𝑀

(1)

where qe is the amount of ammonium adsorbed on clinoptilolite at equilibrium (meq/g), M is the
mass of clinoptilolite (g), V is the volume of the solution (L) and C0 and Ce are the initial and
equilibrium concentrations of ammonium in solution (meq/L).
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Removal efficiency (R) of ammonium by clinoptilolite was calculated using the following
equation:
𝑅, % =

(𝐶0 −𝐶𝑒 )
𝐶0

× 100%

(2)

Langmuir, Freundlich, and Langmuir competitive models were fit to data. The Langmuir
model assumes monolayer accumulation of molecules and no interaction between the adsorbate
molecules. The non-linear form of this model is given by:
𝐾 𝐶𝑒

𝑞𝑒 = 𝑄 1+𝑘𝐿

(3)

𝐿 𝐶𝑒

where Q is the maximum adsorption capacity of clinoptilolite at monolayer coverage (meq/g) and
kL is the Langmuir constant (L/meq).
The Freundlich model considers heterogeneous surfaces and multi-layer sorption. Its nonlinear form is expressed by the following:
1
𝑛

𝑞𝑒 = k F 𝐶𝑒

(4)

where kF is the Freundlich constant that represents the adsorption capacity (meq/g)[L/meq]1/n, and
1/n is Freundlich adsorption intensity factor, dimensionless.
The Langmuir ion exchange (IX) model includes the competition between ammonium and
sodium ions and is described by the following:
𝑞𝑒 = 𝐶

𝑄𝐾𝐶𝑒

𝑁𝑎+ +𝐾𝐶𝑒

,

(5)

where CNa+ is the concentration of sodium at equilibrium (meq/L) and K is the ion exchange
affinity (dimensionless).
Isotherm constants were determined using solver function in Excel. The correlation
coefficients (R2) were determined by linearizing the nonlinear isotherms using linear regression.
The pseudo-second-order reaction kinetic model is presented by the following:
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𝑑𝑞𝑡
𝑑𝑡

= 𝑘2 (𝑞𝑒 − 𝑞𝑡 )2 ,

(6)

where qe and qt are the adsorption capacities at equilibrium and time t (meq/g), k2 is the velocity
constant of the model (g/meq/min).
All batch experiments were done in duplicate. Mean values and their standard deviations
were reported. A statistical two-sample t-test was performed at a 95% confidence level assuming
equal variances using Minitab Statistical Software.
3.3

Results and Discussion

3.3.1 Effect of Temperature on Clinoptilolite Adsorption
The effect of zeolite dosage on removal of ammonium and other major cations at two
different temperatures is shown in Figure 3.1. As expected, an increase in ammonium removal
efficiency with an increase in adsorbent mass was observed, due to the increase in overall surface
area and number of exchange sites available. Based on our previous results, a chabazite dosage of
150 g/L resulted in a removal efficiency of 88% (Aponte-Morales et al., 2018). Considering the
initial ammonium concentration in the sidestream and the lower adsorption capacity of
clinoptilolite in comparison with chabazite (Amini et al., 2017), all zeolite dosages selected for
this isotherm study were higher than 150 g/L. Therefore, even the lowest dosage of 170 g/L was
capable of removing more than 80% of ammonium. Ammonium removal efficiency increased
slightly with the change of zeolite dosage from 170 to 330 g/L and then leveled off.
High affinity of zeolite minerals for NH4+ allows them to be used to alleviate FA inhibition
for microorganisms (Aponte-Morales et al., 2018). The FA concentration in the solution was
calculated based on the equation proposed by Anthonisen et al. (1976), which takes into account
the total ammonia nitrogen concentration, pH and temperature. The calculated FA values of 41
mgN/L (at 21C) and 105 mgN/L (at 35C) were within the inhibitory range of 9-150 mgN/L for
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ammonia oxidizing microorganisms (AOM) (Anthonisen et al., 1976; Kim et al., 2008) and 13150 mgN/L for anammox bacteria (Aktan et al., 2012; Waki et al., 2007). The addition of zeolite
dosages higher than 170 g/L at 21C and 330 g/L at 35C would decrease FA concentration to <7
mgN/L and reduce the inhibition to microorganisms. At the same time, considering the inhibitory
FA range of 0.1-1.0 mgN/L, NOB would still be suppressed, which can allow zeolite to be used in
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Figure 3.1 The effect of zeolite dosage on ammonium and competing cations at two different
temperatures: A) at 21C, and B) at 35C
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Langmuir, Freundlich and Langmuir IX models were fit to the experimental data and the
results are shown in Figure 3.2. Langmuir IX model or competitive Langmuir model (Retrus &
Warchol, 2005) is a modified Langmuir model that includes the competition between NH4+ and
Na+ (Aponte-Morales, 2015; Rodriguez-Gonzalez, 2018). Since the results were similar at both

Adsorbed NH4+ concentration at
equilibrium, meq/g

temperatures, only an example of the fit at 21C is shown.
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Figure 3.2 Langmuir, Freundlich and Langmuir IX model fits at 21C
All models provided a good fit to the experimental data (R2 > 0.98). Isotherm constants for
ammonium adsorption by clinoptilolite, estimated using Langmuir and Freundlich models, were
higher than in previous studies (Karadag et al., 2006), which could be related to groundwater
pretreatment, which was shown previously to improve the adsorption capacity (Aponte-Morales,
2015). Differences may also have been due to zeolite composition (Aponte-Morales et al., 2018)
or initial ammonium concentration (Hedstrom, 2001; Temel & Kuleyin, 2016). It should be noted
that since high zeolite dosages were used for the isotherm model, this model extrapolates the data.
Lower zeolite dosages would need to be used to get a more accurate isotherm model.

56

Table 3.2 Isotherm constants of Langmuir, Freundlich, and IX models at different temperatures
Temperatur
eC
21
35

Langmuir parameters
Q
kL
R2
(meq/g) (L/meq)
1.349
0.049
0.979
1.363
0.040
0.982

Freundlich parameters
kF
1/n
R2
(L/meq)
0.087
0.688
0.989
0.076
0.696
0.998

Langmuir IX parameters
Q
kL
R2
(meq/g)
1.074
7.801
0.979
1.097
5.886
0.982

Based on the results of isotherm studies, a temperature increase from 21C to 35C had no
significant effect on overall ammonium removal efficiency (p>0.05) or the maximum adsorption
capacity of clinoptilolite (Table 3.2). Ammonium adsorption capacity decreased slightly from 1.01
meqN/g zeolite to 0.986 meqN/g zeolite with an increase in temperature at the dosage of
clinoptilolite of 167 g/L. At higher dosages the difference in ammonium adsorption capacity with
temperature became less pronounced. As mentioned previously, the current literature has been
inconsistent on the effect of temperature on ammonium adsorption and reported both an increase
(Alshameri et al., 2014) and a decrease (Mazloomi et al., 2016; Karadag et al., 2006) with
increasing temperature. A discrepancy in the results of different studies might be related to the
nature of experiments (Alshameri et al., 2014). Ammonium adsorption capacity was found to be
an exothermic reaction, which causes desorption of ammonium at equilibrium. This is also
supported by decreasing constants kL and kF (Table 3.2), and the results of other studies where a
linear relationship was observed between temperature and equilibrium rate constant (Ho & Chiang,
2001).
3.3.2 Effect of Competing Cations on Ammonium Adsorption Rate
Prior studies have shown that the presence of competing cations decreases the ammonium
adsorption rate (Vocciante et al., 2018). The results of the kinetic studies done at a room
temperature, with and without competing cations, are presented in Figure 3.3.
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Figure 3.3 Ion exchange kinetics for NH4+ adsorption on clinoptilolite in the absence (A) and
presence of competing cations (B)
Overall, competing cations (Ca2+, Mg2+, K+) and organics present in primary effluent did
not have a significant impact on NH4+ adsorption kinetics. NH4+ removal efficiency in both cases
increased with contact time and equilibrium was achieved after 6 hours. The majority of NH4+
(70%) was adsorbed within the first 30 minutes. A rapid initial decrease in NH4+ concentration
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was also reported by other researchers (Temel & Kuleyin, 2016) who studied landfill leachate
treatment. High initial NH4+ concentration was found to provide the driving force for the rapid
initial adsorption rate (Martins et al., 2017). A subsequent decrease in NH4+ removal rates was
probably related to occupied monolayer surface sites and slow ion diffusion into the pore inner
surface (Martins et al., 2017).
Various competing cations have been detected during both isotherm and kinetic studies. In
isotherm studies, the main exchange cation was Ca2+, which may have been due to pretreatment
with natural groundwater. During the pretreatment Ca2+ was adsorbed onto clinoptilolite and later
released into the solution (Figure C.1). In addition to Ca2+ desorption, Mg2+ adsorption was
observed (Figure 3.1). On the other hand, in kinetic studies, adsorption of NH4+ was accompanied
by the adsorption of K+ (Figure 3.3). Based on selectivity ranking (Ames et al., 1960), K+ would
potentially compete with NH4+ for the adsorption sites. A decrease in concentrations of both NH4+
and K+ with time was observed in previous studies, which was related to a reduction of NH4+
adsorption capacity in the presence of K+ (Vocciante et al., 2018).
A pseudo-second-order reaction kinetic model was tested to investigate the effect of
competing cations on ammonium adsorption rate. Based on the literature (Temel & Kuleyin, 2016;
Vocciante et al., 2018), this model best described the kinetics of adsorption on clinoptilolite. The
results are presented in Figure 3.4. The model provided good fit to the experimental data (R2=0.99).
Based on the results and considering that the equilibrium was achieved after 6 hours, in the
presence of competing cations, ammonium adsorption capacity at equilibrium (qe) decreases from
0.454 meqN/g to 0.436 meqN/g and velocity constant k2 increases from 0.407 g/meq/min to 0.463
g/meq/min. Similar results were reported by Vocciante et al. (2018), who observed a reduction in
ammonium adsorption capacity from 1.7 meqN/g to 0.28 meqN/g in the presence of competing
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cations. A difference in the results could be attributed to the concentrations of cations present in
solutions.
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Figure 3.4 Pseudo-second-order kinetic model for competing cations
To further investigate the effect of competing cations on ammonium adsorption capacity
of clinoptilolite, isothern studies would need to be carried out using higher concentrations of
competing cations.
3.4 Conclusions
Based on the results of the experiments, clinoptilolite can be used to alleviate FA inhibition
for microorganisms by temporarily adsorbing ammonium. Ammonium removal efficiency of
clinoptilolite depends on zeolite dosage. The results of the isotherm studies did not show any
significant effect of temperature on ammonium adsorption capacity. Both Langmuir and
Freundlich models provided a good fit to the experimental data. The application of Langmuir IX
model showed a decrease in maximum adsorption capacity of clinoptilolite in the presence of Na+
as a competing cation. No change in ammonium adsorption kinetics in the presence of competing
cations was observed. A pseudo-second-order reaction kinetic model showed a decrease in
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ammonium adsorption capacity in the presence of competing cations, which indicated the
competition between ammonium and other cations for the exchange sites on clinoptilolite.
Although the difference in capacity was less pronounced, it was probably related to the
concentration of competing cations in the solution.
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Chapter 4: Microcosm Studies and Zeolite Bioregeneration by Anammox6

4.1 Introduction
High ammonia strength wastewaters, such as industrial wastewaters (Carrera et al., 2003;
Orhon et al., 2000), landfill leachate (Kjeldsen et al., 2002), and anaerobic digestion sidestreams
(Wett & Alex, 2003), are major sources of nitrogen pollution of groundwater and surface waters
leading to eutrophication and fish kills (Effler et al., 1990). In particular, high ammonia strength
sidestreams are produced when waste organic matter, such as sewage sludge, is anaerobically
digested for waste stabilization and bioenergy production (Mo & Zhang, 2013). Considering the
increasing interest in sustainable energy production by wastewater treatment plants and stringent
environmental regulations, treatment of anaerobic digestion sidestreams becomes of primary
importance.
A major challenge for the treatment of such concentrated streams using conventional
biological nitrogen removal processes is microbial inhibition by high free ammonia (FA)
concentration (Liu et al., 2019). FA concentration is pH and temperature-dependent (Anthonisen
et al., 1974). In sidestreams from anaerobic digestion of sewage sludge operated at a pH range of
7.5-8.6 and temperature range of 35-55C, FA concentrations can vary between 100 mgN/L and
2,500 mgN/L (Xia and Murphy, 2016). The main mechanism of FA inhibition is diffusion through
the cell membrane to the cytoplasm, which causes a proton imbalance and affects intracellular pH
(Jin et al., 2012).

6

Bioregeneration experiment was done in collaboration with C. Recinos Arenas, IHE Delft, 2019
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FA inhibits ammonia oxidizing microorganisms (AOM), nitrite oxidizing bacteria (NOB),
heterotrophic microorganisms and anammox, although the FA sensitivity level of these groups
varies. Different sensitivity ranges have been reported in the literature for AOM. Abeling and
Seyfried (1992) observed inhibition at 7 mgN/L, whereas Neufeld et al. (1980) observed FA
inhibition starting at 10 mgN/L. Anthonisen et al. (1974) reported the FA inhibitory range for
AOM of 10-150 mgN/L. The FA inhibitory range of NOB was shown to be 0.1-1.0 mgN/L
(Anthonisen et al., 1974). Due to the order of magnitude difference in FA sensitivity, FA is used
for NOB out selection in shortcut nitrogen removal processes (Wang et al., 2015). A decrease in
heterotrophic activity was also observed at a FA concentration of 16 mgN/L (Yang et al., 2018).
Different FA tolerance levels have been reported for anammox bacteria. Jung et al. (2007)
recommended that FA concentrations be maintained below 2 mgN/L to avoid anammox inhibition.
Much higher thresholds have been reported by other researchers. Fernandez et al. (2012) observed
a 50% decrease of the specific anammox activity at 38 mgN/L. Waki et al. (2007) reported
anammox inhibition when FA was in the range of 13-90 mgN/L and Aktan et al. (2012) observed
anammox inhibition at 150 mgN/L. The possible reasons for such variability include different
operational conditions, physiological differences of anammox species and physical structure of the
anammox biomass used in the experiments (e.g. flocculant sludge, granular sludge or biofilm) (Jin
et al., 2012).
A potential solution for alleviating microbial inhibition during the treatment of high
ammonia strength wastewater is to use ion exchange materials, such as natural zeolite minerals, to
control ammonium shock loads in biological treatment processes. Since ammonium and FA
equilibrate rapidly in solution, removal of ammonium via ion exchange reduces the liquid phase
concentration of FA and therefore suppresses the inhibition (Aponte-Morales et al., 2018). Natural
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zeolites are aluminum silicate minerals with high cation exchange capacity and high ammonium
affinity (Hedstrom, 2001). There are more than 50 species of zeolite, many of which have been
used for wastewater treatment. Prior studies in our laboratory have been conducted using chabazite
(Aponte-Morales et al., 2016; Aponte-Morales et al., 2018) and clinoptilolite (Amini et al., 2017;
Rodrigues-Gonzales et al., 2019) in bioreactors for removal of nitrogen from low and high
ammonium strength wastewaters. In this study, clinoptilolite was used due to its high availability
and low cost. Clinoptilolite has been used for ammonium removal from different types of
wastewater, including wastewater from a groundwater treatment facility (Vocciante et al., 2018),
landfill leachate (Martins et al., 2017; Temel and Kuleyin, 2016), and digested swine manure
centrate (Montegut et al., 2016; Amini et al., 2017).
Clinoptilolite can be regenerated either chemically or biologically. Chemical regeneration
typically involves the use of a concentrated NaCl solution as the regeneration brine (Aiyuk et al.,
2004). During this process, a waste brine with a high concentration of NH4+ is generated, which
creates a problem for its treatment or disposal. Bioregeneration, on the other hand, uses AOM or
anammox that form a NH4+ utilizing biofilm on the surface of zeolite, which allows the reuse of
zeolite in subsequent cycles (Hedstrom, 2001). In a prior study in our laboratory, bioregeneration
was studied using chabazite in a sequencing batch reactor treating centrate from anaerobic
digestion of swine manure (Aponte-Morales et al., 2018). A mathematical model of this process
was developed which elucidated the zeolite bioregeneration mechanisms (Aponte-Morales et al.,
2018).
Several recent studies have focused on the application of clinoptilolite as a biofilm carrier
for anammox bacteria (Yapsakli et al., 2017; Collison & Grismer, 2018a; Collison & Grismer,
2018b). Fernandez et al. (2008) first used clinoptilolite as a carrier material to improve retention
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of anammox biomass in a sequencing batch reactor. The authors observed a higher specific
anammox activity and lower effluent solids concentration when anammox biofilms were grown
on clinoptilolite in comparison with granular biomass. Yapsakli et al. (2017) investigated the use
of an anammox-zeolite filter as a buffer to achieve stable N removal under conditions when
loadings of NH4+ and NO2- deviated from the ideal stoichiometric ratio of 1:1.3 typical for
anammox bacteria. Collison & Grismer (2018a) used linear-channel reactors filled with biozeolite
(zeolite with anammox and nitrifying biofilms) to treat low-strength secondary-treated wastewater.
However, none of these studies investigated the mechanisms of ion exchange and bioregeneration
of clinoptilolite by anammox bacteria when treating high ammonia strength wastewater.
Overall, most of the available literature on the use of clinoptilolite for wastewater treatment
focuses on the mechanisms of ammonium adsorption on clinoptilolite (equilibrium isotherm and
kinetic models) and various factors affecting its adsorption capacity (Karadag et al., 2006; Lin et
al., 2013; Mazloomi et al., 2016). However, there is no prior research on the kinetics of zeolite
bioregeneration by anammox. The aims of this research were two-fold: first, to gain a deeper
understanding of the factors affecting bioregeneration of clinoptilolite in high ammonium strength
wastewater applications, and, second, to investigate the use of anammox and clinoptilolite for the
treatment of high ammonia strength wastewater.
4.2 Materials and Methods
Microcosm studies were carried out in four phases (Table 4.1): 1) anammox enrichment
using waste activated sludge (WAS) as inoculum; 2) development of microbial biofilms on
clinoptilolite using two different anammox inocula: anammox granular sludge and enriched WAS;
3) comparison of the performance of microbial biofilms on clinoptilolite from two inocula in terms
of anammox activity; and 4) zeolite bioregeneration using anammox granules.
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Table 4.1 Experimental conditions
Phase

Purpose

Zeolite
dosage,
g/L
30

Phase 1
Phase 2

Temperature,
C

NH4+-N
concentration,
mgN/L
150
135

Na+
concentration,
mg/L
716
716

Anammox enrichment
21
Growth of microbial
35
biofilm
Phase 3
Activity of microbial
20
35
170
716-1,428*
biofilm
Phase 4
Zeolite
250
23
600
bioregeneration
* Additional alkalinity was added during this experiment to increase the buffering capacity.

Inoculum

WAS
WAS
Anammox
WAS
Anammox
Anammox

4.2.1 Zeolite Characterization
Clinoptilolite was obtained from St. Cloud Mining Company’s Ash Meadows Plant located
in Nevada, USA. The main properties of clinoptilolite from the manufacturer are presented in
Table 4.2. According to the manufacturer, the typical chemical composition of clinoptilolite is the
following (%): SiO2 (64.9), Al2O3 (11.9), CaO (3.4), K2O (3.2), Fe2O3 (1.6), MgO (1.4), Na2O
(0.3), P2O5 (>0.05).
Table 4.2 Main properties of clinoptilolite
Properties
Pore diameter
Pore volume
Specific surface area
Ion exchange capacity
Major exchangeable cations

Values
4.0 Å (Angstrom)
15%
15 m2/g
0.8-1.2 meq/g
+
+
2+
2+
+
Rb , Na , Ba , Mg , Li , Ag+, Sr2+, Fe3+, K+, Cd2+, Cu2+, Co3+,
Cs+, Pb2+, Ca2+, Al3+, NH4+, Zn2+, Hg2+, Cr3+

Prior to all experiments, clinoptilolite was pretreated using local groundwater (USF
Botanical Gardens, Tampa, FL) to desorb excess Na+ and improve its ion exchange capacity
(Aponte-Morales, 2015). Briefly, clinoptilolite was sieved to achieve a particle size of 1-2 mm,
rinsed several times with deionized water to remove dust and dried for 24 hours at 103C. Then it
was placed in 250 mL flasks filled with 200 mL of groundwater for 3 hours with shaking at 200
rpm using a VWR orbital shaker. After the liquid was decanted, clinoptilolite was rinsed again
with deionized water and dried for another 24 hours at 103C.
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4.2.2 Microcosm Studies
Microcosm studies (Phases 1 – 3) were carried out in the Environmental Engineering
laboratory at the University of South Florida, Tampa, USA. Waste activated sludge (WAS) was
collected from Falkenburg Advanced Wastewater Treatment Plant (FAWTP). FAWTP uses
oxidation ditches preceded by anaerobic fermentation basins to promote enhanced biological
phosphorus removal and simultaneous nitrification and denitrification. Pure anammox granules
were obtained from a municipal wastewater treatment plant, Rotterdam-Dokhaven (the
Netherlands), that uses a SHARON/Anammox process (Single reactor system for High
Ammonium Removal Over Nitrite). The following describes the experimental procedure for
Phases 1-3:


Phase 1: Enrichment of anammox culture from WAS and anammox granules.

For the enrichment, 1-L bottles (in duplicate) were inoculated with WAS or anammox
granules (25% v/v) and synthetic wastewater containing ammonium as electron donor, nitrite as
electron acceptor and bicarbonate as inorganic carbon source (see below). The bottles were
sparged with nitrogen gas to develop anaerobic conditions, sealed, connected to gas bags filled
with nitrogen gas and placed on a shaker table at 100 rpm. Bottles were covered with aluminum
foil to prevent light inhibition.


Phase 2: Development of microbial biofilm on zeolite

In the beginning of this phase, 30 g of pretreated clinoptilolite was added into each of the
bottles from Phase 1. Bottles were sparged with nitrogen gas, resealed and moved to a 35C
constant temperature room.
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Phase 3: Analysis of activity of microbial biofilm

During this phase, to analyze the activity of the formed biofilm, suspended biomass was
removed from the reactors. Enriched clinoptilolite from WAS microcosms was combined together
and divided between three bottles to perform the experiment in triplicate. The same procedure was
done with clinoptilolite from anammox microcosms.
The composition of synthetic wastewater for Phases 1-3 was the following (g/L): NH4Cl
(0.39), NaNO2 (0.25), NaHCO3 (1.04), NaNO3 (0-0.025), K2HPO4 (0.174), CaCl2 (0.74), MgCl2
(0.102). In addition, two trace element solutions (1 ml each) were added into each bottle. Trace
element A contained (g/L): EDTA (5) and FeSO4 (5) (van de Graaf et al., 1996). The composition
of trace element B was modified from van de Graaf et al. (1996) and contained (g/L): EDTA (15),
ZnSO4·7H2O (0.430), CoCl2·6H2O (0.240), MnCl2·4H2O (0.990), CuSO4·5H2O (0.250),
Na2MoO4·2H2O (0.243), NiSO4·6H2O (0.302), H3BO3 (0.011), and Na2SeO4 (0.107). The
concentration of NaHCO3 was increased to 5 g/L during Phase 3 to increase the buffering capacity.
For Phases 1-3, samples were normally collected three times per week and analyzed for
NH4+, NO2-, NO3-, pH and alkalinity. For Phases 2 and 3, the major exchangeable cations (Na+,
Ca2+, Mg2+, K+) were also measured. During Phase 1, feeding was done once every two weeks by
stopping the shaker table to allow the biomass to settle and then wasting half of the supernatant
volume and replacing it with fresh medium. During Phase 2, the microcosms were fed every 5
days following the procedure described above and during Phase 3 microcosms were fed only after
all the substrate was depleted.


Phase 4: Zeolite bioregeneration

Phase 4 was carried out in the laboratory of IHE Delft Institute for Water Education, Delft,
the Netherlands. For biological regeneration, first, clinoptilolite was saturated with ammonium.

68

For that, 50 g of pretreated clinoptilolite were added into 250-ml flasks filled with a solution
containing 3,000 mgNH4-N/L and mixed on a shaker table at 170 rpm. After 48 hours, clinoptilolite
was drained and transferred to 6 Erlenmeyer flasks for the desorption experiment. At the same
time, anammox granules were washed with a phosphate buffer solution containing 2 g/L of
NaH2PO4 and 2 g/L of Na2HPO4 to remove waste products and potential inhibitors for anammox
bacteria. Subsequently, anammox granules were transferred to 500-mL glass bottles with airtight
caps together with saturated clinoptilolite. Two different anammox biomass concentrations were
tested, 1.9 gVSS/L and 5.6 gVSS/L. The bottles were filled with a solution containing buffer,
alkalinity, trace elements and 100 mgNO2--N/L, which was found non-inhibitory for anammox
(Dapena-Mora et al., 2007), purged with nitrogen gas to generate anaerobic conditions and placed
on a shaker table at 170 rpm for 48 hours. No NH4+ was added to test the hypothesis that anammox
were capable of utilizing NH4+ adsorbed to the zeolite. To compare the effect of clinoptilolite on
anammox rates, two additional bottles were inoculated with anammox biomass at a concentration
of 1.6 gVSS/L and spiked with the solution containing 100 mgNO2-N/L, 125 mgNH4-N/L,
alkalinity, buffer and trace elements (van de Graaf et al., 1996). Samples were collected
periodically and analyzed for NH4+-N, NO2--N, NO3--N and Na+.
4.2.3 Analytical Methods and Data Analysis
Standard methods (APHA) were used to measure: TSS and VSS (2540), and alkalinity
(2320). pH was measured using calibrated pH meters. Prior to analyses of the major cations and
anions, all samples were filtered immediately using 0.45µm filters. The concentrations of all
nitrogen species (NH4+, NO2-, NO3-) and competing cations (Na+, K+, Ca2+, Mg2+) were measured
using a Metrohm 881 compact ion chromatography (IC) Pro system (Metrohm Inc., Switzerland).
Due to a change in location, during Phase 4 NH4+ was measures using a Dutch standard NEN 6472
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and Standard methods were used to measure Na+, K+, Ca2+, Mg2+ (3500), NO2- (ASTM D3867),
and NO3- (ASTM D3867).
All micrososm experiments in phases 1, 2, and 4 were done in duplicate. Microcosm
experiments in phase 3 were done in triplicate. Mean values and their standard deviations were
reported. A statistical two-sample t-test was performed at a 95% confidence level assuming equal
variances using Minitab Statistical Software.
4.3 Results and Discussion
4.3.1 Phase 1: Enrichment of Anammox Bacteria from Waste Activated Sludge
After ten days of operation, removal of both ammonium and nitrite was observed in the
reactors inoculated with WAS, indicating the beginning of anammox activity (Figure E.1). This
reduction was accompanied by nitrate production, typical for anammox. The average molar
removal ratio of nitrite to ammonium was 3.62.8, which was much higher than the theoretical
stoichiometric ratio of 1.3 proposed by Strous et al. (1998). High nitrite to ammonium removal
ratio indicates the presence of organic carbon that served as an electron donor for denitrifying
bacteria in the absence of oxygen. Since no external organic substrate was added to the synthetic
wastewater, organic compounds were most likely added with the inoculum and released from cell
lysis (Chamchoi & Nitisoravut, 2007). Based on the stoichiometry proposed by Strous et al.
(1998), anammox activity is also characterized by an ammonium over nitrate ratio of 0.22. The
obtained average ratio of ammonium utilization to nitrate production during the initial acclimation
period was 1.21.1, which significantly deviated from the stoichiometric ratio. High initial nitrate
concentrations were also observed by Chamchoi & Nitisoravut (2007), which indicated the
presence of residual oxygen in the headspace.
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Anammox enrichment from activated sludge was successful in prior studies with specific
reactors for biomass retention, such as membrane bioreactor (Wang et al., 2009), gas-lift reactor
with membrane for biomass retention (Hendrickx et al., 2014), and sequencing batch reactors
(SBR) (van der Star et al., 2007). A deviation in the observed stoichiometric ratios in the current
study was probably related to the relatively short adaptation period for WAS biomass (10-20 days)
compared with other studies that used SBRs inoculated with activated sludge and observed initial
anammox activity after 1.5 months (Third et al., 2005) and 3 months (Chamchoi & Nitisoravut,
2007) of operation.
4.3.2 Phase 2. Activity of Microorganisms in the Presence of Clinoptilolite
After the addition of zeolite, microcosms inoculated with anammox granular sludge (RAN)
and enriched WAS (RWAS) were moved to a constant temperature room at 35C to promote further
anammox activity, where they were operated for 7 months. Based on previously published studies
(Jetten et al., 2001), the selected temperature of 35C was within an expected range for digester
effluents. A typical profile showing the fate of nitrogen species is shown in Figure 4.1 (A-B).
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Figure 4.1 A typical nitrogen profile in RAN (A) and RRAS (B) during days 185-189
As expected, simultaneous ammonium and nitrite removal followed by nitrate production
was observed in the reactors inoculated with anammox granules (RAN). Similar nitrogen profile
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was observed in the reactors inoculated with WAS (RWAS) (p>0.05), which indicated the
occurrence of anammox activity. The stoichiometric ratios of ammonium, nitrite and nitrate were
1:1.15:0.43 in RAN and 1:1.14:0.81 in RWAS, which differ from the theoretical ratio (1:1.32:0.26)
(Strous et al., 1998). Deviations from the theoretical ratio using activated sludge as a seeding
source were also reported by other researchers (Chi et al., 2018). Lower NH4+/NO2- ratio might be
due to ammonium adsorption onto clinoptilolite or the activity of AOM utilizing residual oxygen.
Higher NH4+/NO3- ratio might be related to the activity of AOM and NOB present in activated
sludge. Lack of transient nitrite production indicated similar AOM and NOB removal rates. In
addition, a reduction in nitrate concentration was observed in RAN after two days of operation,
which indicated denitrifying activity. The presence of anammox bacteria, AOM, NOB, and
heterotrophic denitrifying bacteria in different inocula could be verified by quantitative PCR
(qPCR). Overall TIN removal efficiency was much lower in RWAS (77%) in comparison with RAN
(94%), due to the higher nitrate production in RWAS.
Considering the decrease of ammonium in the bulk liquid with time and the stoichiometric
ammonium removal by anammox based on nitrite reduction, the adsorption capacity of
clinoptilolite was calculated. The calculated value of 0.02 meqN/g was much lower than what was
obtained in kinetic studies (Chapter 3), which is probably related to short feeding and degradation
cycles leading to poor bioregeneration of clinoptilolite. The analysis of other cations showed that
NH4+ adsorption was accompanied by a low release of Ca2+ and Mg2+. Another possible reason for
low adsorption capacity was pH that fluctuated between 6.6 and 7.8. Low pH was shown to
decrease the adsorption capacity of NH4+ due to a competition between NH4+ and H+ for adsorption
sites (Temel & Kuleyin, 2016).
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Despite the anammox activity, the color of WAS did not change significantly and remained
a light brown over the entire 8-month enrichment period. Most prior studies with anammox
reported a change in color from brown to red after 2-3 months of operation, which indicated an
increase in cytochrome c content (Tang et al., 2017). No additional analyses were done to confirm
this. This observation was similar to the one reported by Third et al. (2005). In addition, the
biomass did not form compact granules, as was previously reported (Chamchoi & Nitisoravut,
2007) but consisted of small agglomerates (Third et al., 2005). Surprisingly, a change in color of
clinoptilolite from grey to black was observed (Figure E.2). A possible explanation was the
production of ferrous sulfide-like (Fe-S) compounds on the surface of clinoptilolite (Kang et al.,
2018). The color changed back to grey in the beginning of Phase 3, after the suspended biomass
was removed.
4.3.3 Phase 3. Activity of Microbial Biofilms on Clinoptilolite
The batch reactors (in triplicate) were inoculated with enriched clinoptilolite from two
different inocula from Phase 2: anammox (RAN) and enriched WAS (RWAS). The average mass of
clinoptilolite in each reactor was 20 g. The reactors primarily contained attached biomass and were
used to treat wastewater with an ammonium concentration of 170 mgN/L. In addition to
ammonium, the wastewater also contained nitrite at a concentration that yielded stoichiometric
ratio of 1:1.3 (NH4+/NO2-) to promote the growth of anammox bacteria and maintain anammox
biofilm on clinoptilolite. It should be noted that microbial biofilm was assessed based on the
change in concentrations of the nitrogen species (NH4+, NO2- and NO3-) and no SEM or FISH
analysis of the biofilm was done. The reactors were fed in cycles. The duration of each cycle
depended on the remaining concentrations of ammonium and nitrite in solution. When the
concentrations fell below the detection limit, mixing was stopped and half of the supernatant was
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replaced with fresh feed. The reactors were operated at a temperature of 35C and initial pH of
8.20.14. The average alkalinity in the beginning of cycle 1 was 65017.7 mg/L and later was
increased to 1,790413.5 mg/L to avoid alkalinity limitation and decrease in pH.
4.3.3.1 Activity of Microbial Biofilms on Clinoptilolite in RAN
Figure 4.2 shows the fates of ammonium, nitrite, nitrate, and competing cations over 4
cycles of feeding fresh synthetic wastewater. During cycle 1, 64% of ammonium was removed
after 6 days of operation due to ammonium adsorption onto clinoptilolite and microbial activity.
In comparison, kinetic studies (Chapter 3) showed removal of 70% of ammonium within 30
minutes. A reduction in adsorption rates was likely caused by clinoptilolite saturation from
previous experiments (Phase 2). Bioregeneration of clinoptilolite by anammox during cycle 1
increased ammonium adsorption capacity from 0.35 meqN/g (cycle 1) to 0.59 meqN/g (cycle 2).
In addition, alkalinity added in the beginning of cycle 2 promoted desorption of competing cations
such as K+ and Ca2+, which also improved clinoptilolite capacity (Figure 4.2). Ammonium removal
rates also increased in subsequent cycles. In cycle 2, 56% of ammonium was removed during the
first 2 days followed by 75% ammonium removal during the first 3 days in cycle 3 and 58%
ammonium removal during the first 4 days in cycle 4. Another possible reason for lower adsorption
rates in comparison with the kinetic studies could be related to biofilm formation on clinoptilolite,
although some previous studies did not observe any significant effect of biofilm coverage on total
ion-exchange capacity (Lahav & Green, 2000; Aponte-Morales et al., 2018).
An increase in nitrite was observed during the first few days of each cycle which was
related to ammonium oxidation caused by residual oxygen present in the feed (Chamchoi &
Nitisoravut, 2007). After oxygen depletion, despite low ammonium concentrations in the bulk
solution, nitrite concentrations decreased at a rate of 18.4 mgN/L/d (cycle 1), 24.8 mgN/L/d (cycle
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2), and 53.8 mgN/L/d (cycle 3), which indicated zeolite bioregeneration. Bioregeneration was also
supported by the decrease in the concentrations of competing cations in the solution (Figure 4.2).
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Figure 4.2 Changes in the concentrations of nitrogen species and other competing cations with
time during three cycles in RAN microcosm. A: NH4+-N concentrations; B: NO2--N
concentrations; C: NO3--N concentrations; D and E: Concentrations of competing cations (Na+,
Mg2+, Ca2+, K+)
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Figure 4.2 (continued)
An unexpected increase in nitrate concentrations was observed throughout all cycles. An
initial decrease in nitrate concentration in the beginning of cycles 2, 3 and 4 was caused by dilution
with fresh feed. Nitrate is typically produced from oxidation of nitrite under aerobic conditions by
nitrite oxidizing bacteria (NOB) and from ammonium oxidation under anoxic conditions by
anammox bacteria. Nitrate build-up has been reported many times in full-scale installations,
mostly due to high oxygen supply (Lackner et al., 2014), which is not the case in this research.
Based on anammox stoichiometry, only around 20% of all nitrate production can be explained by
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anammox activity. Free nitrous acid (FNA) calculated for cycle 1 due to low pH fuctuated between
0.01 mgN/L and 0.8 mgN/L. NOB inhibition by FNA above 0.1 mgN/L was reported previously
(Anthonisen et al., 1976; Vadivelu et al., 2006). Based on the calculations, it can be assumed that
NOB were inhibited by high FNA, which should have prevented the oxidation of nitrite to nitrate.
High nitrate production in anammox reactor was also observed in other studies (Yamamoto et al.,
2008), but no clear explanation was given.
4.3.3.2 Activity of Microbial Biofilms on Clinoptilolite in RWAS
The fates of ammonium, nitrite, nitrate and competing cations over 3 cycles of feeding
fresh synthetic wastewater are shown in Figure 4.3. An average 80% decrease in ammonium
concentration was observed during the first 6 days of cycle 1, due to adsorption onto clinoptilolite
and biological oxidation. During cycle 1 concentrations of ammonium in the bulk solution were
below detection limits after 20 days of operation in all three reactors. During cycle 2, low activity
in one of the replicates was observed (Figure E.3). As a result, the data of only the first 32 days of
operation were included in Figure 4.3 and that replicate was eliminated from cycle 3.
In the beginning of cycle 1, NH4+ adsorption on clinoptilolite was indicated by the release
of Ca2+ and K+ in the solution and a decrease in Mg2+. A significant release of Ca2+ was probably
related to the initial groundwater pretreatment during which Ca2+ was adsorbed, as described
previously (Chapter 3). After NH4+ adsorption, concentrations of Ca2+ and K+ decreased,
accompanied by nitrite reduction, indicating zeolite bioregeneration. Additional alkalinity added
in the beginning of cycle 2 to prevent a decrease in pH, caused a rapid desorption of all the
competing cations (Figure 4.3).
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Figure 4.3 Changes in concentrations of nitrogen species and other competing cations with time
during three cycles in RWAS microcosm. A: NH4+-N concentrations; B: NO2--N concentrations;
C: NO3--N concentrations; D and E: Concentrations of competing cations (Na+, Mg2+, Ca2+, K+)
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Figure 4.3 (continued)
High Na+ concentration in solution did not cause any adverse effect on the activity of
anammox as has been reported by other studies (Jin et al., 2012). Surprisingly, no significant NH4+
release was observed once alkalinity was added, which was probably related to the rapid oxidation
of ammonium in the beginning of the cycle.
An initial increase in nitrite concentration due to residual oxygen was similar to the one
observed in RAN. An initial lag phase for anammox was probably also related to residual oxygen,
which is known to be inhibitory for anammox (Jin et al., 2012). After oxygen depletion, nitrite
concentration decreased with time, which indicated anammox activity. During cycle 2, the average
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nitrite removal rate in two replicates increased from 6.81.9 mgN/L/d during cycle 1 to 222.7
mgN/L/d during cycle (Figure E.3). A possible reason was an increase in alkalinity, which raised
pH from 6.5-7.0 in cycle 1 to 7.7 in cycle 2. Although anammox can function within a wide
physiological pH range of 6.5-9, the optimum was found to be around pH 8 (Egli et al., 2001).
Higher alkalinity also increased nitritation rates in the beginning of the cycle, which led to a higher
ammonium removal in cycle 2.
An unexpected increase in nitrate concentration was observed during all three cycles,
which was similar to RAN. Considering stoichiometric nitrate production based on nitrite reduction,
24-30% of all nitrate production in RWAS can be explained by anammox activity. Possible reasons
for high nitrate production were described previously.
Zeolite bioregeneration was characterized by reduction in nitrite concentrations even
though no aqueous ammonium was detected, which can be explained by the immediate
consumption of desorbed ammonium by anammox (Martins et al., 2017). Based on the results,
during zeolite bioregeneration in cycle 1, both nitrite removal and nitrate production rates
decreased significantly. In cycle 2, an increase in nitrite removal rates during bioregeneration was
observed. Ammonium adsorption capacity was estimated based on stoichiometric ammonium
removal by nitrifying bacteria in the beginning of each cycle and anammox and was equal to 0.35
meqN/g in cycle 1 and 0.45 meqN/g in cycle 2. The lower adsorption capacity in cycle 1 could be
related to low pH and competition between NH4+ and H+ for the adsorption sites. An increase in
pH and desorption of competing cations during cycle 2 increased the adsorption capacity.
In addition to chemical data, in order to confirm the presence of microbial biofilm on
clinoptilolite and its activity, qPCR can be used in combination with fluorescent in situ
hybridization (FISH) and confocal laser scanning microscopy (CLSM) (Persson et al., 2014).
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qPCR can measure the abundance of different groups of microorganisms, while FISH-CLSM
would help investigate the structure of the biofilm.
4.3.4 Phase 4: Biological Regeneration
The reactors (in duplicate) were inoculated with saturated clinoptilolite and anammox with
different biomass concentrations (R1Z and R2Z). To compare the effect of clinoptilolite on
anammox activity, a separate set of reactors containing NH4+ in the bulk solution was inoculated
with anammox biomass (R1) without zeolite as a source of ammonium. Biological regeneration
tests were carried out 48 hours, but all nitrite was removed within the first 24 hours. The results of
the first 5 hours are shown in Figure 4.4.
Addition of the medium (regenerant) with alkalinity (NaHCO3) and buffering solutions
(NaH2PO4 and Na2HPO4) containing Na+ promoted NH4+ desorption from the clinoptilolite, which
was subsequently used by anammox bacteria. The average Na+/NH4+ molar exchange ratio was
1.050.11. Considering the short duration of the experiment, nitrogen assimilation due to biomass
growth was not taken into consideration during calculations. NH4+ in the solution in the beginning
of the experiment (20014.8 mgNH4+-N/L) was caused by the addition of wet NH4+ saturated
clinoptilolite. NH4+ concentration in R1Z increased rapidly by 34% during the first 0.5 hours and
levelled off for the rest of the experiment. In comparison, a much lower steady increase in R2Z
was observed indicating NH4+ consumption by anammox, accompanied by corresponding nitrite
reduction. Considering anammox activity, the NH4+ desorption rate during the first 4 hours in R1Z
was 12.78 mgN/L/h compared to 7.97 mgN/L/h in R2Z. Desorption of NH4+ continued after all
nitrite was consumed. Desorption capacity of saturated clinoptilolite was calculated taking into
consideration the concentration of NH4+ in the solution and the stoichiometric consumption by
anammox bacteria. The desorption capacity for R1Z was 0.041 meqN/L in comparison with 0.045
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meqN/L in R2Z, which indicated higher desorption capacity in the presence of higher biomass
concentration.
Anammox activity between the reactors was compared based on nitrite reduction. Since no
COD source was added with the feed, denitritation/denitrification was considered negligible. The
initial NO2- concentration (906.9 mgN/L) selected for this study should not have had any
inhibitory effect on anammox activity (Lotti et al., 2012). During the first three hours, 98% NO2-N removal efficiency was achieved in R2Z in comparison with 52% (R1Z), which can be explained
by higher initial biomass concentration (5.6 gVSS/L vs. 1.9 gVSS/L). This assumption is supported
by high NO2--N specific removal rates of 6.6 mgN/gVSS/h in R2Z as opposed to 2.4 mgN/gVSS/h
in R1Z (Figure 4.5).
R1 was characterized by slow anammox activity and lower removal rates (1.9
mgN/gVSS/h). In comparison with R1Z containing zeolite, only 40% of NO2- was removed during
the first three hours of operation as opposed to 52%. Since the reactor did not contain zeolite, in
addition to nitrite a reduction in ammonium concentration was also observed. NO2-/NH4+ removal
ratio in R1 was 0.87, which is lower than the stoichiometric ratio of 1.3 reported for anammox. An
increased ammonium removal might be attributed to ammonium assimilation into biomass.
Overall, no statistically significant difference between nitrite removal rates in R1 and R1Z was
observed (p>0.05). Due to the experimental design, FA concentration in the reactors increased to
7mgN/L, which could have some inhibitory effect on anammox activity (Jung et al., 2007). Since
zeolite added to the reactors was saturated with ammonium, it could not alleviate FA inhibition.
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Figure 4.4 The change in nitrogen species concentrations with time in the reactors inoculated
with anammox biomass of different concentrations and saturated ammonium clinoptilolite during
bioregeneration experiments (modified from Recinos Arenas, 2019)
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Figure 4.5 Nitrite removal rates during the first three hours
4.4 Conclusions
In this research, a series of microcosm studies was done to investigate biological
regeneration of clinoptilolite by anammox and the effect of clinoptilolite on anammox activity and
microbial biofilms. Additionally, the feasibility of using waste activated sludge as anammox
inoculum was investigated. The results showed similar activities of anammox granules and
enriched activated sludge in terms of ammonium and nitrite removal, which indicates that waste
activated sludge can be used as anammox inoculum. Anammox were able to successfully
bioregenerate clinoptilolite and improve its adsorption capacity. The results of bioregeneration
experiments showed no difference in nitrite removal rates by anammox with or without zeolite. A
higher nitrite removal rate was observed in the reactor inoculated with a higher biomass
concentration.
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Chapter 5. Hybrid Algal-Bacterial Reactor with Ion Exchange (ALGAMMIX)
5.1 Introduction
Many wastewater treatment plants nowadays are moving towards greater energy and
nutrient recovery instead of the conventional approach of pollutant removal (Verstraete et al.,
2016). A typical method of energy recovery from sewage sludge is anaerobic digestion with
production of biogas (a mixture of methane and carbon dioxide) that can be used for generation of
electricity and heat, thus partially compensating for plant energy demands (Mo & Zhang, 2013).
However, during the process of dewatering anaerobically digested sludge, a nutrient-rich liquid
sidestream is produced. This sidestream is often recirculated back to the head of the plant, resulting
in high irregular nutrient loads that can negatively affect mainstream nitrogen removal processes
(Fux & Siegrist, 2004; Wett & Alex, 2003).
Over the last two decades a number of wastewater treatment plants have implemented
separate treatment of anaerobic digestion sidestreams using the partial nitritation-anammox (PNA)
process (Lackner et al., 2014). The use of PNA was shown to save 60% in aeration and 100% in
organic carbon costs (Siegrist et al., 2008). PNA has been used for the treatment of different types
of high ammonia strength wastewaters, such as landfill leachate (Akgul & Aktan, 2013; Shalini &
Joseph, 2012) and anaerobic digestion sidestreams (Joss et al., 2009).
Despite the advantages of PNA over conventional biological nitrogen removal processes,
addition of dissolved oxygen (DO) is still required for the partial nitritation step. Different DO
strategies are applied in full-scale applications, including continuous aeration either at low (<0.05
mg/L) or high (0.5 mg/L) DO setpoints or intermittent aeration with various on/off patterns
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(Lackner et al., 2014). A potential alternative is the use of photosynthetic microorganisms, that
produce oxygen via photosynthesis. Wastewater treatment using algal-based systems has gained
significant attention over the past few decades. In addition to oxygen production during
photosynthesis, algae have a high affinity for nutrients present in the wastewater. The ability of
algae to grow in waste streams and assimilate nitrogen and phosphorus with the concomitant
biomass accumulation can allow for cost effective algae cultivation on wastewater (Pittman et al.,
2011). Harvested biomass can be converted into valuable products, such as biofuels (Pittman et
al., 2011), or anaerobically co-digested with waste activated sludge to produce methane (Wang &
Park, 2015). Algal-bacterial consortia have been actively applied for the treatment of different
types of wastewaters, such as piggery wastewater (de Godos et al., 2009). Our prior studies
combined algae with shortcut nitrogen removal in a photosequencing batch reactor (PSBR) with
alternating light and dark periods for treatment of anaerobic digestion sidestream (Wang et al.,
2015; Arashiro et al., 2017). High free ammonia and low DO concentrations were used to promote
NOB out-selection, resulting in nitrite accumulation during the light period. Subsequent nitrite
removal was done during the dark period using acetate as a carbon source. Since nitrite can be
used as electron acceptor for anammox, to avoid carbon source addition, in our recent studies
anammox were added to a PSBR operated with partial nitritation with alternating light and dark
periods (Manser et at., 2016; Mukarunyana et al., 2018). The new process, called ALGAMMOX
(algal anaerobic ammonium oxidation), achieved complete nitrogen removal without the need for
mechanical aeration or organic carbon source addition (Manser et al., 2016).
A major problem with treating anaerobic digestion sidestreams is high free ammonia (FA)
concentrations that can negatively affect bacterial and microalgal growth (Park et al., 2010). FA
inhibition for AOM and NOB was found to be in the range of 10-150 mgN/L and 0.1-1 mgN/L,
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respectively (Anthonisen et al., 1976). FA toxicity to algae has also been reported, though the
inhibition range varies (Collos & Harrison, 2014). Uggetti et al. (2014) observed a decrease in
algal growth rate at an initial FA concentration of 9 mgN/L, while FA in the range of 2.9-17.6
mgN/L was found to be toxic for algae by Abeliovich & Azov (1976).
In the majority of prior studies of using algal-bacterial consortia for treatment of high
ammonia strength wastewaters, digestate sidestreams were diluted prior to their use to avoid
inhibition of algal growth (Wang et al. 2010). The media used for the dilution included: deionized
water (Bjornsson et al., 2013; Prandini et al., 2016; Veronesiv et al., 2017), wastewater treatment
plant effluent (Akerstrom et al., 2014), and tap water (Uggetti et al., 2014; Yu et al., 2017; Pizzera
et al., 2019). However, dilution is not a viable option in full scale applications since it would
require a fresh water supply.
A possible solution to alleviation of FA inhibition is the use of ion exchange materials,
such as zeolite. Natural zeolites, such as clinoptilolite and chabazite, are aluminum silicate
minerals with a high ammonium adsorption capacity (Hedstrom, 2001). In our laboratory, zeolite
has been used for treatment of high ammonia strength wastewaters (Amini et al., 2017; AponteMorales et al., 2016; Aponte-Morales et al., 2018; Wang et al., 2018) and to buffer transient
nitrogen loads in onsite wastewater treatment systems (Rodriguez-Gonzalez et al., 2019). In
addition to biological nitrification, a few recent studies combined anammox and zeolite using
different reactor configurations: sequencing batch reactor (Fernandez et al., 2008), two-stage
zeolite biological aerated filter followed by anammox reactor (Feng et al., 2019), pilot-scale linear
channel reactors and trickling filters (Collison & Grismer, 2018a and 2018b), and up-flow packed
columns (Waki et al., 2018; Yapsakli et al., 2017).
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Zeolite has also been used for microalgae cultivation to mitigate ammonium toxicity (Lu
et al., 2019). In our laboratory, Wang et al. (2018) developed a hybrid algal photosynthesis and
ion exchange (HAPIX) process that used chabazite with algae for the treatment of anaerobic
digestion centrate. The authors observed an increase in biomass productivity with chabazite
addition and found that intercellular contents, such as protein and starch, varied depending on the
zeolite dosage.
In this study, we propose a novel ALGAMMIX (algal anaerobic ammonium oxidation with
ion exchange) process that can be used to treat high ammonia strength wastewaters, such as
anaerobic digestion sidestreams. We hypothesize that zeolite will temporarily adsorb ammonium
to alleviate FA inhibition for AOM, algae and anammox and improve nitrogen removal rates.
During the light period, nitrite accumulation would be promoted by NOB out-selection due to low
DO produced by photosynthetic microalgae. During the dark period anammox activity would be
sustained by ammonium desorption from the zeolite. Utilization of ammonium adsorbed to zeolite
by AOM, algae and anammox results in bioregeneration of the zeolite. Therefore, no fresh zeolite
needs to be added and no regenerant brine is produced.
The main objective of this research was to investigate the effect of clinoptilolite addition
to a PSBR inoculated with anammox on the reduction of FA and nitrogen removal rates. Initial
experiments were set up to evaluate nitrite production in an algal-bacterial system without zeolite
addition with diluted high ammonia strength wastewater (ALGAMMOX process). Once the
ALGAMMOX process was established, zeolite was added to a PSBR which was used to treat
undiluted sidestream (ALGAMMIX reactor). To the best of our knowledge, this is the first study
that uses a combination of nitrifying microorganisms, algae, anammox and ion exchange material
in a single reactor.
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5.2 Materials and Methods
This study was carried out in three main phases (Table 5.1): 1) Phase 1 involved the
operation of an algal anaerobic ammonium oxidation (ALGAMMOX) reactor; 2) Phase 2
investigated the effect of zeolite addition on reactor performance (ALGAMMIX reactor); 3) Phase
3 investigated the feasibility of using the ALGAMMIX reactor for treatment of undiluted high
ammonia strength wastewater. The effect of nitrite concentration on anammox activity was
investigated in separate microcosm studies.
Table 5.1 Experimental phases
Influent NH4+
Mixing
Light
concentration,
speed,
intensity,
mgN/L
rpm
mol/m2/s
ALGAMMOX phase (Algae, nitrifying/heterotrophic bacteria, anammox)
1a
19
3
105
178
21711
Phase/
cycle

1.

2.

3.

Duration,
d

Volume,
L

Zeolite
dosage,
g/L

HRT,
d

SRT, d

-

4

-

Remarks

Initial acclimation, no
wasting to accumulate
biomass
1b
8
5
516
105
178
4
Increased influent
191.6
ammonium
concentration
1c
7
5
105
330
4
Increased light
49277
102.9
intensity
1d
35
5
150
330
4
Increased mixing
45059
135.3
speed
ALGAMMIX phase using low strength ammonium wastewater (algae, nitrifying/heterotrophic bacteria, anammox, zeolite)
2
19
5
150
330
1.4-8.4
4
Zeolite gradually
42536.7
124.4
added to the reactor
ALGAMMIX phase using high ammonia strength wastewater
3
9
5
1,841
150
16-330
94.3
36
Reactor was only fed
in the beginning of the
phase.

5.2.1 Biomass Inoculum
The reactor was initially inoculated with an algal-bacterial biomass with a solids
concentration of 7.3±0.19 g/L. The biomass was obtained from a 1-L photobioreactor previously
operated in IHE Delft laboratory. To increase the biomass concentration, cultures of five algae
species (Spirulina, Anabaena, Chlorella, Chlorococcus and Scenedesmus) (50 ml), activated
sludge (30 ml, 7.9±0.05 g/L) from Harnaschpolder wastewater treatment plant (Delft, the
Netherlands), and anammox granules (300 ml, 9.85±1.69 g/L) were added to the reactor.
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Granulated anammox biomass was provided by Paques, Inc. (the Netherlands). It should
be noted that the granules also contained an outer layer of AOM. The reported nitrogen removal
rate for this type of granules is 1.0-2.5 kgN/m3/day (Remy et al., 2016). The anammox biomass
was stored at 4°C with 15 mgNO3--N/L added in the form of KNO3 to prevent sulphate reduction
to sulphide, which is toxic for anammox (van Dongen et al., 2001). Prior to inoculation, anammox
biomass were washed and re-suspended in phosphate buffer (0.14 g/L KH2PO4 and 0.75 g/L
K2HPO4) (Dapena-Mora et al., 2007).
5.2.2 Clinoptilolite
Clinoptilolite was obtained from St. Cloud Mining (USA) and sieved to obtain a particle
size of 1-2mm. Based on the product data sheet provided by the company, clinoptilolite has a
specific surface area of 15 m2/g and 15% pore volume, with a pore diameter of 4.0 Å. Prior to its
addition to the reactor, clinoptilolite was pre-treated to remove inhibitory levels of sodium
(Sanchez et al., 2004) and to enhance the exchange capacity of the mineral (Aponte-Morales,
2015). Briefly, clinoptilolite was rinsed with deionized water to remove dust and dried for 24 hours
at 103C. Then it was placed in 250 mL flasks filled with 200 mL of local groundwater (USF
Botanical Gardens, Tampa, FL) and shaken for 3 hours at 200 rpm using a VWR orbital shaker.
After the liquid was decanted, the clinoptilolite was rinsed again with deionized water and dried
for another 24 hours at 103C.
5.2.3 Influent Characteristics
Primary effluent from Harnaschpolder wastewater treatment plant (Delft, the Netherlands)
was used as a feed for the reactor. The composition of primary effluent is presented in Table 5.2.
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Table 5.2 Primary effluent characteristics
Parameters, mg/L
TSS
NH4+-N
Na+
TIC
TOC
COD

Values
87.5
536
12014
12713
6622
194104

Primary effluent was collected on a weekly basis and stored in a refrigerator at 4C until
use. The effluent was modified to resemble the high ammonia strength anaerobic digester centrate.
Prior to feeding, ammonium in the form of ammonium salt (NH4Cl) was added to achieve the
required concentrations of ammonium for each phase (Table 5.1). In addition, NaHCO3 (1,200
mg/L), NaH2PO4 (50 mg/L), and Na2HPO4 (60 mg/L) were added as sources of alkalinity and
phosphorus (Manser et al., 2016).
5.2.4 Experimental Setup
Experiments were performed in a 6-L cylindrical glass reactor (Applikon Biotechnology)
operated as a photosequencing batch reactor. The system was similar to the experimental setup
operated by Karya et al. (2013) and Manser et al. (2016) and its schematic can be found in Karya
et al. (2013). Influent and effluent were pumped using Masterflex C/L and L/S (Cole-Palmer)
peristaltic pumps. The reactor was illuminated using LED Fyto-Panel (version C2-1/2, PSI Czech
Republic) positioned on one side of the reactor at a distance of 13 cm. The light panel was
automatically programmed to switch the light on or off every 12 hours to maintain light and dark
periods. The average light intensity was measured by a Li-COR model Li-250A Photometer. Light
intensity, HRT and SRT for each phase are shown in Table 5.1. Assuming the reactor was perfectly
mixed, the SRT of the algal-bacterial biomass was equal to the SRT of anammox. A Bio-Console
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(Applikon Biotechnology) control system was used to automatically control the mixing and adjust
the pH to 7.5 by dosing NaOH (0.1M) or HCl (0.4M) solutions.
The reactor operation strategy is presented in Figure 5.1. It should be noted that phase 3
(9-day cycle) was operated similar to phase 1, except that the react phase was longer with 12 hours
light/12 hours dark periods and no wasting was done. Based on Manser et al. (2016), the reactor
was fed at the end of the dark cycle after the supernatant was decanted to prevent the build-up of
dissolved oxygen. The reactor was mixed during all stages except for settling and decanting.
Wasting to control SRT for phases 1 and 2 was done during the dark cycle before settling.
Light on (12 h)

Step

Fill

React

Time

0.5 h

23.16 h

Stirrer

On

On

Waste

Light off (12 h)

Settle Withdraw
0.17 h 0.17 h
Off

Off

Figure 5.1 Reactor operation strategy during phase 1

5.2.5 Nitrite Inhibition Study
Due to a potential accumulation of nitrite during the light period caused by NOB outselection, a series of manometric tests was carried out to determine the inhibitory concentrations
of nitrite for anammox. For this experiment, 250-ml bottles (in duplicate) with a working volume
of 200 ml were inoculated with anammox granules described previously. Prior to inoculation,
anammox biomass was washed and re-suspended in phosphate buffer (0.14 g/L KH2PO4 and 0.75
g/L K2HPO4) (Dapena-Mora et al., 2007). To remove oxygen and create anaerobic conditions, the
reactors were purged with nitrogen gas for 2 minutes and sealed using aluminium caps with rubber
septa. The reactors were then covered to prevent light inhibition and placed on a platform shaker
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(New Brunswick Scientific Innova 2100, USA) at 150 rpm at room temperature (22C). After that,
a concentrated solution containing NH4Cl, NaNO2, NaHCO3 and trace elements (van de Graaf et
al., 1996) was added into each reactor and the pressure was equalized to atmospheric pressure.
Three different concentrations of nitrite were tested: 114 mgN/L, 220 mgN/L and 421 mgN/L. The
concentration of ammonium added to all reactors was 1135.03 mgN/L. In addition, duplicate
reactors with equimolar concentrations of ammonium and nitrite of 68 mgN/L, which have been
shown to be below the inhibitory level for anammox, served as controls. The production of
nitrogen gas, expressed as pressure, was measured every hour for 7 hours using a digital
manometer (Leo 1 Keller, Switzerland). Samples were taken in the beginning and at the end of the
experiment and analyzed for ammonium, nitrite and nitrate.
Nitrogen gas production was calculated based on the ideal gas law using recorded pressure
changes over time. Specific anammox activity (SAA), expressed as g N2-N/gVSS/d, was
calculated by dividing maximum gas production by the biomass concentration in each reactor.
5.2.6 Analytical Methods
Samples were normally collected from the PSBR 3 times per week, in the beginning and
the end of the light period and at the end of the dark period after the decant phase (effluent).
Influent samples were also collected 3 times per week after addition of NH4Cl, alkalinity and
phosphate buffer. Collected samples were filtered through 45 m filters and either analyzed
immediately or stored in the refrigerator at 4C until further analysis for nitrogen species (NH4+,
NO2-, NO3-) as well as major cations (Na+, K+, Ca2+, Mg2+). Once per week mixed liquor was
collected to measure biomass concentrations (TSS, VSS) and chlorophyll a. The following
methods were used: NH4+ (NEN 6472), NO2- (ASTM D3867), NO3- (ASTM D3867), TSS and
VSS (2540). Chlorophyll a was measured using an ethanol extraction method (Dutch standard
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NEN 6530). Na+, K+, Ca2+, Mg2+ were analyzed using an Atomic Absorption Spectroscopy
(AAnalyst 200, PerkinElmer). Statistical analysis was done using unpaired student t-tests (p<0.05).
5.3

Results and Discussion

5.3.1 Nitrite Inhibition Study
In order to combine anammox bacteria with shortcut nitrogen removal in one reactor, it is
necessary to know whether nitrite concentrations would inhibit anammox activity. Various
inhibition ranges have been reported for different reactor configurations and anammox aggregate
physiological state (Lotti et al., 2012). The effect of nitrite concentrations on nitrogen gas
production by anammox bacteria is shown in Figure 5.2.
1.2

N2 production, mmol
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0.2
0
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68 mgN/L

3

4
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114 mgN/L
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6

7

8

421 mgN/L

Figure 5.2 Nitrogen gas production at different initial nitrite concentrations
The lowest nitrite concentration of 68 mgN/L, which served as a control, was previously
found to be below the inhibitory threshold for anammox bacteria (Strous et al., 1999). The other
tested nitrite concentrations were reported to inhibit anammox activity (Strous et al., 1999; Egli et
al., 2001; Dapena-Mora et al., 2007). For these experiments, the same initial ammonium
concentration of 1135.03 mgN/L was used in all reactors, except for the control (68 mgN/L), to
eliminate free ammonia inhibition. The results showed that in the reactors operated with initial
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nitrite concentrations of 68 mgN/L and 114 mgN/L, nitrogen gas production ceased after 3 and 5
hours, respectively, which indicated that all the substrate (nitrite) was consumed (Figure 5.3) (Lotti
et al., 2012). A steady increase in nitrogen gas production was observed at 220 mgN/L, whereas
only 50% gas production was observed at 421 mgN/L. Based on residual nitrite concentration, the
contact time of 24 hours was not enough to consume all the substrate (Figure 5.3). Comparison of
ammonium and nitrite utilization showed that at initial concentrations of 68, 114 and 220 mgN/L
NO2-/NH4+ removal ratio was equal to the stoichiometric anammox ratio of 1.32 (Strous et al.,
1999).
500
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450
400
350
300
250
200
150
100
50
0
68 mgN/L

114 mgN/L
0 hrs

220 mgN/L

421 mgN/L

7 hrs

Figure 5.3 Initial and final nitrite concentrations over 7 hours at different initial nitrite
concentrations
The inhibitory effect of nitrite concentration on anammox activity was evaluated by
comparing the maximum SAA of the control (68 mgNO2--N/L) with the SAA at higher nitrite
concentrations during the first three hours (Figure 5.4). The results showed a reduction in SAA at
421 mgNO2--N/L. This observation was close to observations reported by Dapena-Mora et al.
(2007), who found 50% inhibition at 350 mgNO2--N/L. The maximum SAA of 0.2750.016 gN2N/gVSS/d during the first three hours was observed at 114 mgNO2--N/L, which differs with Strous
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et al. (1999), who observed complete inhibition at nitrite concentrations higher than 98 mgN/L.
Such a discrepancy could be related to different aggregation states of the biomass.
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Figure 5.4 Anammox inhibition at different initial nitrite concentrations
5.3.2 ALGAMMOX System Performance
5.3.2.1 Nitrogen Removal Efficiency
Influent ammonium concentration and reactor volume were gradually increased from
21710.9 mgN/L and 3 L to 46360.1 mgN/L and 5 L to adapt the biomass to the new conditions
and observe nitrite production during the light period. During start-up phase 1a, after 1.5 weeks of
operation, the concentration of ammonium in the effluent was below detection limits. Nitrite
production (11 mgN/L) during the light period was much higher then nitrate production (2 mgN/L),
which showed predominant AOM activity (Figure 5.5).
Out-selection of nitrite oxidizing bacteria (NOB) during the light period was probably
caused by high free ammonia (FA) concentration in the reactor (0.89-3.62 mgN/L). FA
concentrations in the range of 0.1-1 mgN/L has been shown to inhibit NOB activity (Anthonisen
et al., 1976). During the dark period, the reduction of the remaining ammonium was accompanied
by nitrite removal, which indicated anammox activity. The concentration of dissolved oxygen
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(DO) in the reactor during the light period fluctuated between 1.2 mgDO/L and 5.8 mgDO/L. The
effect of high DO concentration on anammox activity was unclear since controlled experiments at
varying DO were not carried out. DO is considered a critical operating parameter for anammox.
In full-scale PNA systems DO setpoints typically vary between 0.05 mg/L and 1.5 g/L to avoid
anammox inhibition (Lackner et al., 2014). Mukarunyana et al. (2018) observed a decrease in
nitrite removal rates during the dark period with an increase in DO concentrations during the light
period and reversible inhibition of anammox activity at DO concentrations between 6.8-7.1 mg/L.

Concentration, mgN/L

60
50
40
30
20
10
0
Beg. light cycle

End light cycle
NH4-N

NO2-N

End dark cycle

NO3-N

Figure 5.5 Typical nitrogen profile during one 24-hour cycle of the startup phase (day 14)
Overall ALGAMMOX performance during phase 1 is shown in Figure 5.6. A nearly steady
state was achieved during phase 1a, which was characterized by stable ammonium removal during
5 consecutive days (100%). During phase 1b the reactor volume was increased to the target volume
of 5 L and the nitrogen loading rate was increased to 129 mgN/L/d. As expected, the increase in
reactor volume was accompanied by a decrease in biomass concentration from 1.3 gTSS/L to 0.7
gTSS/L (Figure 5.7). Ammonium removal rates measured during the light period decreased from
4.10.35 mgN/L/h to 3.30.85 mgN/L/h, which led to ammonium accumulation in the effluent of
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up to 232 mgN/L and a reduction in ammonium removal efficiency to 60%. At the same time the
DO concentration during the light period decreased to 0.08 mg/L. To increase biomass
concentration in the reactor, during phase 1b the SRT was kept at 191.6 d.
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Figure 5.7 Biomass and chlorophyll a concentrations during phase 1
To improve nitrogen removal efficiency, the light intensity was increased from 178
mol/m2/s to 330 mol/m2/s to avoid light limitation and increase DO production (phase 1c) and
mixing speed was increased from 105 to 150 rpm to ensure uniform biomass distribution in the
reactor and improve substrate and light availability for microorganisms (phase 1d). The increase
in light intensity increased biomass concentration in the reactor by 50% (Figure 5.7) and DO
concentration to 2.92.2 mg/L. However, ammonium removal rates further decreased to 1.010.36
mgN/L/d, which can be explained by accumulation of ammonium in the reactor equivalent to a
FA concentration of 9 mgN/L. At the beginning of phase 1d, the reactor was fed every two to three
days to reduce FA inhibition and decrease ammonium concentration in the effluent. After 10 days
of operation under intermittent feeding conditions, ammonium removal efficiency increased to
75% and the feeding strategy was returned to normal daily feeding. Comparison of the
performance of phases 1a and 1d operated at nitrogen loading rates of 55.5 mgN/L/d and 112.5
mgN/L/d showed that despite a decrease in ammonium removal efficiency, ammonium removal
rates increased to 5.381.42 mgN/L/d (Figure 5.6).

99

5.3.2.2 Kinetic and In-Situ Anammox Activity Tests
A typical pH, oxygen and nitrogen species concentration profile during a stable operational
period during phase 1d is shown in Figure 5.8. pH was maintained at approximately 7.4 by
controlled addition of acid or base. An increase in DO concentration was observed during the light
period followed by its decrease during the dark period. The average DO concentration during the
light period of this daily cycle was 0.140.04 mg/L. Similar DO concentrations were observed in
ALGAMMOX reactors by Manser et al. (2016) and Mukarunyana et al. (2018). During the light
period, the ammonium removal rate was 6.97 mgN/L/h followed by 1.26 mgN/L/h during the dark
phase. The observed ammonium removal rate during the light period was similar to 7.0 mgN/L/h
observed by Manser et al. (2016) but higher than 4.5 mgN/L/h reported by Mukarunyana et al.
(2018). A small production of both nitrite (8 mgN/L) and nitrate (5 mgN/L) was also observed
during the light period. Comparison of ammonium removal (85 mgN/L) with nitrite and nitrate
production indicates the presence of other nitrogen removal mechanisms that were responsible for
the removal of 72 mgN/L, such as simultaneous nitrification-denitrification (SND) and ammonium
assimilation into the algal-bacterial biomass. SND typically occurs in anoxic microzones or the
inner parts of biofilm (Helmer & Kunst, 1998). During the operation, biofilm was actively formed
on the walls of the reactor, thus creating conditions for SND. Decaying biomass most likely
provided the electron donor for this process (Aponte-Morales et al., 2016).
Ammonium removal during the dark period was accompanied by nitrite reduction at a
molar ratio of 0.57, which was lower than stoichiometric ratio of 1.32 reported for anammox and
probably related to low substrate availability due to other removal mechanisms. Nitrate reduction
during the dark period also indicated the activity of denitrifying microorganisms that possibly
utilized residual organic carbon present in the influent. High effluent ammonium concentration
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(124 mgN/L) was probably related to both low AOM activity and low anammox activity limited
by nitrite concentration produced during the light period.
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Figure 5.8 A typical profile of changes in nitrogen species concentration, pH and DO during a
24-hour cycle measured on day 59
To test the hypothesis that nitrite was the limiting factor and estimate the maximum
anammox activity in the reactor, activity tests were done in-situ at the end of phase 1d (steady state
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period), by adding nitrite to the reactor at the beginning of the dark period and measuring the
concentrations of the main nitrogen species every hour (Figure 5.9).
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Figure 5.9 Activity test for determination of maximum anammox activity during the dark period
The results showed that 92% of nitrite was removed within the first 8 hours. Nitrite removal
rates decreased with time from 5 mgN/L/h (t=2 hrs) to 0.6 mgN/L/h (t=12 hrs). In comparison, the
average nitrite removal rates during a 12-hour period observed by Mukarunyana et al. (2018) were
in the range of 8-15 mgN/L/h. Lower removal rates in this study could be arttributed to lower
biomass concentrations or anammox inhibition.
Reduction of nitrite accompanied by ammonium removal indicate anammox activity as a
predominant removal mechanism during the dark period. Based on the comparison of the NO2/NH4+ removal ratio observed during the activity test (1.7) and stoichiometric ratio typical for
anammox (1.32), anammox could explain 76% of observed nitrite removal. Considering reduction
of nitrate during the dark period, it can be assumed that some denitrification also took place.
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5.3.3 ALGAMMIX Phase
5.3.3.1 Treatment of Low Ammonium Strength Wastewater with Low Zeolite Dose
After ALGAMMOX achieved a steady state, zeolite was gradually added to the reactor to
investigate the effect of zeolite on nitrogen removal rates, while keeping the same nitrogen loading
rate of 112.5 mgN/L/d. After the addition of zeolite, an increase in nitrite production rate from
0.45 mgNO2--N/gVSS/h to 2.35 mg mgNO2--N/gVSS/h was observed during the light period
(Figure 5.10). Substrate availability at the end of the light period increased anammox activity,
which was characterized by increased nitrite removal rates during the dark period from 0.52
mgN/gVSS/h to 2.13 mgN/gVSS/h. Despite zeolite addition, the average ammonium removal rate
during phase 2 was 684% (data not shown). An unpaired t test showed no significant difference
between overall ammonium removal rates during phases 1d and 2 (p>0.05). One of the reasons for
the high effluent ammonium concentration was the low initial zeolite dosage. Based on the results
of the kinetic study described in Chapter 3, the maximum adsorption capacity of zeolite in the
presence of competing cations at room temperature was 1.07 meqN/gzeolite. Considering the zeolite
dosage and nitrogen loading rate, zeolite was probably saturated after the first feeding. Low AOM
rates and frequent feeding slowed down bioregeneration and led to ammonium accumulation in
the reactor, which was similar to phase 1b-c. Analysis of the counter-ion Na+ on the second day of
operation of phase 2 showed a desorption of 1 meqNa+/L during the light period followed by an
adsorption of 0.3 meqNa+/L during the dark period, which indicated that some zeolite
bioregeneration was occurring (data not shown).
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Figure 5.10 Nitrite production rates during the light period and nitrite reduction rates during the
dark period of ALGAMMOX (phase 1d) and ALGAMMIX with low zeolite dose (phase 2)
phases with the same nitrogen loading rate
5.3.3.2 ALGAMMIX with High Ammonium Strength Wastewater
In the beginning of phase 3, to test the ability of the ALGAMMIX reactor to treat undiluted
high ammonium strength wastewaters, the nitrogen loading rate was increased to 460 mgN/L/d
and the zeolite dosage was increased to 472 g. Taking into consideration the results of phase 2, the
reactor was fed once in the beginning of the cycle and was operated using alternate light and dark
periods until the concentration of nitrite during the light period remained constant, which was an
indication of zeolite bioregeneration. No wasting or decanting were done during the cycle, except
for sampling purposes. Changes in nitrogen species (NH4+, NO2-, NO3-) and DO concentrations
during a 9-day ALGAMMIX cycle operated with alternating light and dark periods are shown in
Figure 5.11.
After the feeding, the concentration of ammonium decreased by 55% during the first three
hours of operation, mostly due to ion exchange (>99%). As expected, ammonium adsorption was
accompanied by sodium desorption (data not shown). A molar Na+/NH4+ exchange ratio of 1.3
indicated a concurrent adsorption of other competing cations, such as K+ (Aponte-Morales et al.,
2018).
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Figure 5.11 A. Profile of the main nitrogen species and dissolved oxygen concentrations during
one cycle of operation of ALGAMMIX reactor with alternate light and dark periods
In comparison with the kinetic studies (Chapter 3), where 70% of ammonium was removed
during the first 30 minutes in the presence of competing cations, lower ammonium removal rates
in the ALGAMMIX reactor were probably related to different initial ammonium concentrations in
the reactors. An increase in ammonium adsorption capacity with an increase in the initial
ammonium concentration was previously reported by other studies (Vassileva et al., 2009;
Widiastuti et al., 2011). With the addition of clinoptilolite during the first three hours, FA
concentrations in the reactor decreased from 13 mgN/L to 6 mgN/L. FA is known to cause
inhibition to AOM, NOB, anammox and algae. AOM were shown to be inhibited at a FA range of
10-150 mgN/L (Anthonisen et al., 1976), which was similar to a FA range of 13-90 mgN/L for
anammox (Fernandez et al., 2012; Waki et al., 2007). A lower FA inhibition concentration of 9
mgN/L was reported for algae (Uggetti et al., 2014). NOB inhibition was observed at a FA range
of 0.1-1 mgN/L (Anthonisen et al., 1976). The results show that clinoptilolite addition can reduce
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FA concentration to below inhibitory level for AOM, anammox and algae, while maintaining a
high enough FA concentration to promote NOB out-selection.
In addition to ammonium removal, after zeolite addition an increase in nitrite production
during the light period was observed (Figure 5.11). The accumulation of nitrite, as a substrate for
anammox, plays an important role in PNA processes (Qiu et al., 2019). Increases in nitrite
production are typically observed with increased DO availability (Lackner et al., 2014). Oxygen
was identified as a limiting factor for AOM in an ALGAMMOX reactor treating primary effluent
with the concentration of ammonium of 200 mgN/L (Mukarunyana et al., 2018). In our study no
relationship was found between DO concentration and nitrite production, which indicates that
increased nitrite production rates were due to clinoptilolite addition. These results were similar to
Aponte-Morales et al. (2018), who observed an increase in nitrification rates with chabazite
addition. After two days of operation, the concentration of nitrite at the end of the light period was
116 mgN/L (Figure 5.11). An increase in nitrite production was observed even at low aqueous
ammonium concentrations due to ammonium desorption and its subsequent nitritation, which
indicated zeolite bioregeneration (Figure 5.12). Accumulation of nitrite in PNA plants is a major
concern due to its inhibitory effect on anammox (Lackner et al., 2014). Based on the results of the
microcosm study described above, a decrease in anammox activity was observed at nitrite
concentration of 421 mgN/L. Therefore, nitrite concentration of 116 mgN/L observed in the reactor
should not have an inhibitory effect on anammox activity.
After ammonium removal, low ammonium desorption rates from clinoptilolite reduced
AOM activity which led to DO accumulation in the reactor to 9 mg/L (Figure 5.11). Considering
that anammox are inhibited by DO concentration, DO accumulation could lead to a decrease in
anammox activity. Joss et al. (2009) observed anammox inhibition caused by increased DO
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concentration in a full-scale sequencing batch reactor due to lower AOM activity. Comparison of
anammox rates during the dark period with the maximum rates from activity tests showed nitrite
removal rates of 2.5 mgN/L/h in the presence of 2.58 mgDO/L in the beginning of the dark period
in comparison with the maximum observed rate of 3.4 mgN/L/h at 0.06 mgDO/L. High DO
concentration and low FA concentration promoted NOB activity, which resulted in nitrate
production in the reactor during the light period. To prevent further DO accumulation and
anammox inhibition, after 2.5 days the light intensity was reduced from 330 mol/m2/s to 16
mol/m2/s (Figure 5.11). Developed anaerobic conditions promoted nitrite reduction in the reactor
(Figure 5.12). Since no significant nitrate removal was observed during that period, anammox
activity was assumed to be the main mechanism of nitrite reduction. Nitrite reduction by
heterotrophic microorganisms could be considered negligible.
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Figure 5.12 Substrate removal and production rates during the light periods of ALGAMMIX
cycle at two different light intensities
A possible solution to prevent oxygen buildup due to photosynthesis is to use a feedback
control. PID feedback control based on a certain DO setpoint can be used to control the light
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intensity and regulate DO concentration in the reactor. This feedback control can be applied to
different types of lamps, located both underwater and outside reactors.
At the end of the cycle the concentration of ammonium in the effluent was 2.5 mgN/L.
Overall TIN removal efficiency was 99%, which was higher than reported by Aponte-Morales et
al. (2016), who used a chabazite-sequencing batch reactor seeded with activated sludge to treat
anaerobically digested swine manure centrate with an average ammonium concentration of
822123 mgN/L. Lower TIN removal efficiency (84%) achieved by Aponte-Morales et al. (2016)
was probably due to the use of denitrifying biomass requiring organic carbon addition and periods
with low COD/TN ratios, which led to the accumulation of nitrate in the effluent. The effluent
nitrate concentration of 54 mgN/L observed in this study was reported as a problem in a previous
study (Du et al., 2016). Nitrate is a typical by-product of anammox metabolism (Jetten et al, 2001).
In addition, nitrate can also accumulate during the light period due to the partial NOB suppression
caused by low ammonium concentrations in the bulk solution or high DO concentration. In such
cases, nitrate can only be removed by the addition of organic carbon.
During the operation, a lot of anammox biomass was washed out together with the waste.
To maintain the anammox population in the reactor, the reactor was bioaugmented a couple of
times. Considering the average anammox doubling time of 10.5 days (Strous et al., 1998), to
prevent their washout from the reactor, efficient biomass retention is required. Due to its high
capacity for immobilization of microorganisms, zeolite can be effectively used as a biofilm carrier.
Since anammox have slow growth rates, long term experiments are required for the development
of anammox biofilm on zeolite. Fernandez et al. (2008) observed 72% of zeolite particles fully
covered with anammox biofilm after 300 days of operation of a sequencing batch reactor.
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5.4

Conclusions
The overall goal of this work was to investigate the feasibility of using the combination of

an algal-nitrifying bacterial biomass, anammox and ion exchange with zeolite for the treatment of
high ammonia strength wastewaters. Algae produced oxygen via photosynthesis during the light
period. Addition of zeolite reduced FA concentration in the reactor, which increased nitrite
production rates during the light period. Nitrite availability also improved anammox rates during
the dark period, which showed that nitrite was the limiting factor for anammox. Increase in
dissolved oxygen concentration during the light period caused by AOM inhibition and low
substrate availability had a negative impact on anammox rates. Overall, the results look promising
although further optimization is required.
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Chapter 6: Conclusions and Recommendations
Anaerobic digestion can be effectively used for solids reduction and energy recovery in the
form of biogas. Hovewer, a nutrient-rich sidestream is generated during the dewatering of
anaerobically digested sludge. As a current practice, sidestream without prior treatment is returned
to the head of the plant, which increases the total incoming nitrogen load by 20-30% and often
exceeds the treatment capacity. The most commonly used conventional biological nitrogen
removal processes are energy and chemically intensive. Aging infrastructure and lack of land for
plant expansion call for the development of alternative cost-effective treatment technologies. This
dissertation investigates novel algal-bacterial technologies to reduce the concentration of
ammonium in the sidestream. The main research questions, findings and recommendations are
presented below.
What is the effect of solids retention time (SRT) on nitrogen transformations and microbial
communities in an algal-bacterial photosequencing batch reactor (PSBR) operated with shortcut
nitrogen removal?
High concentrations of ammonium in the influent and low dissolved oxygen concentrations
produced by algae during photosynthesis promoted the out-selection of nitrite oxidizing bacteria.
The shortest SRT (5 days) resulted in an unstable algal-bacterial community characterized by
frequent biomass washout. The average ammonium removal efficiency was 84% for the 5 day
SRT and 92% for SRTs of 10 and 15 days. The main nitrogen removal mechanisms were
nitritation/denitritation followed by biomass assimilation and ammonia volatilization.
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How does the ammonium adsorption capacity of clinoptilolite change with changes in
environmental conditions?
An increase in temperature from 21ºC to 35ºC was not found to significantly affect
ammonium removal efficiency and maximum adsorption capacity of clinoptilolite. Langmuir,
Freundlich and Langmuir IX isotherm models all provided a good fit to the experimental data
(R2>0.98). The presence of competing cations did not significantly impact ammonium adsorption
kinetics. A pseudo second-order kinetic model provided a good fit to the kinetic data (R2>0.98). A
dosage needed to reduce FA inhibition to AOM, anammox and algae can be calculated using a
Langmuir model.
How does the addition of clinoptilolite affect the activity of anammox?
In this research, zeolite bioregeneration was carried out using two different anammox
inocula: anammox granules and enriched waste activated sludge, present in suspension or in
biofilm. Additionally, the effect of zeolite on anammox activity was investigated. The results
showed similar microbial activity for microcosms inoculated with anammox granules and waste
activated sludge. The results indicate that anammox can be successfully enriched from waste
activated sludge. Although no statistically significant difference in nitrite removal rates was
observed in microcosms with or without zeolite, anammox were able to successfully bioregenerate
clinoptilolite and improve its adsorption capacity.
Will the addition of clinoptilolite to a PSBR inoculated with anammox help alleviate free
ammonia inhibition and improve the nitrogen removal rates?
Due to their high ammonium adsorption capacity, the addition of zeolite to a reactor can
reduce FA inhibition to microorganisms and improve nitrogen removal efficiency. In this research,
clinoptilolite was added to a PSBR inoculated with anammox and operated with alternating light
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and dark periods. The experiment consisted of three phases. During phase 1, a PSBR with
anammox treating diluted high ammonia strength wastewater with an average concentration of 500
mgN/L was operated to investigate the feasibility of partial nitritation anammox process in a
PSBR. Once the process was established, zeolite was gradually added to the PSBR, resulting in
increased nitrite production rates during the light period. During phase 3, the ammonium
concentration in the influent was increased to 1,841 mgN/L to mimic high ammonia strength
wastewater and a higher zeolite dosage was added based on the isotherm studies. The results
showed that zeolite addition could alleviate free ammonia inhibition for AOM, anammox and algae
and improve nitrite removal rates. Despite low aqueous ammonium concentrations, increased
nitrite removal rates were observed, which indicated bioregeneration. An overall TN removal
efficiency of >90% was observed after 9 days of reactor operation.
Recommendations
The operation of ALGAMMIX reactor treating high ammonia strength wastewater showed
some promising results, although its optimization would be necessary. For full-scale
implementation, due to the complexity of the system, a series of PID feedback controls would be
required to ensure stable and efficient performance. The controls would be based on DO, pH, and
NO2- setpoints to prevent photo- and nitrite inhibition to microorganisms. The most challenging
part of the implementation of this process is the control of natural light intensity during the day to
prevent oxygen accumulation in the reactor. A possible solution to this problem would be using a
step-feed to maintain a certain constant concentration of ammonium in the reactor. This can be
achieved by an additional PID control with NH4+ setpoint.
During the operation of the reactor a lot of anammox biomass was washed out. Considering
their slow growth rates anammox immobilization would be advisable, either on plastic carriers or
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zeolite particles. To decrease the start-up time, inoculation of the reactors should be done with
carriers with already formed anammox biofilm. In case of using suspended biomass, effective
anammox retention system should be implemented.
Overall, the new proposed system coupled with anaerobic digestion and struvite
precipitation would bring certain economic benefits compared with conventional processes.
Anaerobic digestion produces biogas that is used to generate electricity and heat, which can offset
plant electric power demand. Phosphorus released during the digestion of organic matter can be
precipitated in the form of struvite and subsequently used as a fertilizer, thus, reducing alum costs
required for chemical phosphorus precipitation. The use of algae producing oxygen during
photosynthesis and anammox would significantly reduce the need for mechanical aeration and
organic carbon addition. In addition, algae can be recovered as higher value products, such as
proteins, lipids, vitamins, or co-digested to increase methane yield.
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Appendix B: A Case-Study: Primary Sludge Fermentate as an Alternate Carbon Source
for Partial Denitrification-Anammox in Mainstream Biological Nitrogen Removal7

B.1 Introduction
Discharge of partially treated wastewaters from municipal wastewater treatment plants into
surface water bodies is a major source of nutrient pollution (Howarth et al., 2002). At wastewater
treatment plants, nitrogen is typically removed using biological nitrogen removal (BNR)
processes, such as autotrophic aerobic nitrification followed by heterotrophic denitrification,
which have high energy and chemical costs. Partial nitritation-anammox, or deammonification, is
considered a more cost effective alternative to conventional BNR processes due to the reduction
in aeration energy, external carbon and alkalinity demands (van Loosdrecht & Salem, 2006).
Deammonification involves oxidation of half the ammonium present to nitrite using aerobic
ammonia oxidizing microorganisms (AOM) followed by nitrite reduction to nitrogen gas using
residual ammonium as the electron donor by anaerobic ammonia oxidizing bacteria (Anammox)
(Wett, 2007).
A crucial parameter for deammonification process is nitrite concentration, which is an
intermediary product of both nitrification and denitrification. Nitrite produced during partial
oxidation of ammonium is accumulated by out-selecting nitrite oxidizing bacteria (NOB). The
main control parameters for NOB-outselection include high free ammonia concentration
(Anthonisen et al., 1976), low dissolved oxygen (DO) concentration (Picioreanu et al., 1997; Wett,
2007), high temperature (Hellinga et al., 1998), and/or short solids retention time (SRT) (van
Loosdrecht & Salem, 2006). Because of this, deammonification has mainly been used for the
treatment of high ammonia strength wastewaters, such as anaerobic digestion sidestreams, that
have high ammonium concentrations, high temperature and low COD/N ratio (Lackner et al.,
2014). Despite the success with sidestream treatment, adoption of deammonification for
mainstream wastewater treatment has been very challenging mainly due to lower ammonium
concentrations and temperature fluctuations, which hinders NOB suppression (Lackner et al.,
2015). Strategies attempted for NOB out-selection in mainstream wastewater treatment include
maintaining residual ammonium concentration (Regmi et al., 2014), intermittent aeration control
(Gilbert et al., 2014), high DO concentration (Al-Omari et al., 2015; Han et al., 2016; Regmi et
al., 2014; Regmi et al., 2015), and aggressive SRT (Al-Omari et al., 2015; Regmi et al., 2014).
Despite these strategies, nitrate formation was still periodically observed, which decreased
nitrogen removal efficiency and affected effluent quality (Han et al., 2016). To meet stringent
nitrogen permit limits at low costs, alternative approaches for nitrite production are needed.
Accumulation of nitrite as a substrate for anammox via denitrification pathway (NO3- 
NO2-) has been previously reported (Wilderer et al., 1987; van Rijn et al., 1996). Several factors
7
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have been investigated in terms of their effect on partial denitrification (PdN) efficiency including
carbon to nitrogen (C/N) ratio (Cao et al., 2013), carbon source (Kalyuzhnyi et al., 2008; Du et al.,
2017), pH (Thomsen et al., 1994; Almeida et al., 1995), temperature (Du et al., 2017), and nitrate
concentration (Du et al., 2017). Recently, residual nitrate concentration was identified as one of
the key factors for PdN efficiency (Le et al., 2019).
Organic carbon source has also been shown to play an important role in nitrite
accumulation. Different organic carbon sources showed good PdN efficiency, including acetate
(Almeida et al., 1995; van Rijn et al., 1996), acetone (McCarthy et al., 1969), ethanol (Du et al.,
2017), and leachate from food waste fermentation (Lee et al., 2002). The effect of carbon source
on nitrite accumulation has been linked to metabolic processes of denitrifying microorganisms.
Different strains of heterotrophic microorganisms capable of either partial or full denitrification
have been identified in the literature (Liu et al., 2013; Du et al., 2017). Nitrite accumulation was
found to be caused by the competition between nitrate and nitrite reductases for a common electron
donor and differences between nitrate and nitrite reduction rates (van Rijn et al., 1996). Van Rijn
et al. (1996) compared acetate with butyrate and found a change in cytochrome c redox kinetics
with changes in carbon source, which ultimately affected nitrite accumulation in the reactor.
Considering the locations of both nitrate reductase (upstream region) and nitrite reductase
(downstream region) on the electron transport chain, the authors proposed that depending on the
carbon source, electrons would be donated either upstream or downstream, thus, generating two
different electron transfer routes and affecting reduction rates.
Sludge fermentate has been used as an alternate carbon source, mostly for denitrification
(Ji & Chen, 2010; Wett, 2007). Fermentation of primary sludge produces volatile fatty acids
(VFA), which serve as an excellent carbon source for denitrifying bacteria (Soares et al., 2010). In
addition to its effectiveness, it is also an inexpensive and available source of carbon, since
biodegradable carbon substrates can be produced at wastewater treatment plants without extensive
additional expense. A few studies looked at sludge fermentation as an alternative carbon source
for the PdN-anammox process. Cao et al. (2013) investigated the effect of seeding sludge on nitrite
accumulation using fermentate as a carbon source and observed 80% PdN efficiency in a reactor
seeded with sludge from anaerobic sludge fermentation coupled with an anoxic denitrification
system. However, the long-term impact of fermentate addition on nitrite production and its effect
on the overall reactor performance was not investigated. Consequently, pilot scale implementation
of a PdN-anammox process using fermentate as a carbon source has never been studied.
The main goal of this study was to investigate the feasibility of using primary sludge
fermentate as alternate carbon source for the PdN-anammox process in mainstream treatment. The
specific objectives included comparison of PdN efficiency of acetate as a conventional external
carbon source and fermentate and evaluation of fermentate impact on the overall pilot plant
performance.
B.2 Materials and Methods
A mainstream deammonification pilot, located at Blue Plains Advanced Wastewater
Treatment Plant (AWWTP) (Washington, DC, USA) was operated using two carbon sources:
acetate as a control and fermentate. The pilot consisted of 18 continuously stirred tank reactors in
series resembling a plug-flow reactor, followed by a clarifier, with an overall reactor volume of
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360 L. The schematic of the pilot can be found in Le et al. (2019). Each cell was equipped with a
vertical mixer to ensure completely mixed conditions. The pilot was initially inoculated with
sludge from a nitrification basin operated at a total SRT of 25 days. The pilot was step-fed in three
different cells using secondary effluent from Blue Plains AWWTP, with total inflow of 1.3 m3/d,
to maintain an HRT of 5.7 hrs and an NH4+-N loading rate of 87.836.5 mgN/Ld. Influent sCOD/N
ratio was 2.340.49. Prior to feeding, secondary effluent from the mainstream process was
collected in a 5,300-L equilibration tank. This served as an influent to the mainstream pilot. The
sludge from the clarifier was returned to the first cell with a peristatic pump operated at 66% of
total inflow rate. An SRT of 21.36.2 days was controlled manually by daily wastage from the
return activated sludge (RAS) line. To out-select NOB and retain AnAOB population in the pilot,
a vibrating screen with a 125-m sieve was used (Han et al., 2016). In addition, the pilot was also
bioaugmented daily with AnAOB granules collected from a cyclone underflow of a DEMON
reactor.
The pilot was divided into four functional zones: ammonium vs. NO x (AvN) zone with
intermittent aeration, partial denitrification-anammox (PdN-anammox) zone, full denitrification
(FdN) zone and reaeration zone. Intermittent aeration in the AvN zone was controlled using PID
control that utilized data from online in situ ammonium/nitrate sensors (IQ SensorNet VaRION
Plus, YSI) and dissolved oxygen (DO) sensors (LDO Model 2, HACH) (Regmi et al., 2014; Le et
al., 2019). During aeration, the DO concentration was maintained within the range of 1-1.5 mg/L.
The carbon source was added into both PdN-anammox and FdN zones using PID feedback and
feedforward controls, respectively. For the PdN zone, dosing was based on a nitrate set point at
the end of the zone, whereas for FdN zone a fixed stoichiometric ratio of COD/NO3--N of 3.6,
typical for Blue Plains AWWTP, was used. More detailed information on the pilot online control
can be found in Le et al. (2019).
Acetate stock solution was prepared by diluting C2H3NaO2 (sodium acetate) in 1 L of
deionized water. Primary sludge was collected twice per week from the underflow of a gravity belt
thickener, operated at SRT of 0.8 days. Primary sludge was fermented in a 100-L reactor located
outdoors for 3-4 days. To enhance VFA production, the sludge was seeded with 10-20% of
fermented sludge and manually mixed once a day. After fermentation, the sludge was centrifuged
for 10 minutes at 4000 rpm. The supernatant was collected, sieved using a 125-micron sieve to
remove large particles, analyzed for sCOD, pCOD, tCOD, NH4+-N, and PO43--P, and stored in the
refrigerator at 4C until further use.
PdN and FdN efficiencies were calculated based on Le et al. (2019):
PdN (%) =

𝑚𝑔𝑁𝑂−
2 −𝑁) + 𝑛𝑒𝑡 𝑛𝑖𝑡𝑟𝑖𝑡𝑒 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝐿ℎ
𝑚𝑔𝑁𝑂−
3 −𝑁)
𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑟𝑎𝑡𝑒 ((
𝐿ℎ
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(
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𝑚𝑔𝑁𝑂2
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(1)
FdN (%) = 100 – PdN

(2)

For the acetate period, AnAOB-based nitrite removal rate was calculated based on
anammox stoichiometry for ammonium removal in PdN-anammox zone. For the fermentate
period, ammonium added with the fermentate into both PdN and FdN zones was also taken into
consideration.
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B.3 Results and Discussion

COD concentration, mg/L

During fermentation, in addition to soluble COD, a release of ammonium and phosphorus
was observed, which was also reported in other studies (Soares et al., 2010) (Figure B.1).
Recycling of nutrients back to AvN zone, operated with intermittent aeration, did not lead to a
significant increase in ammonium concentration in the effluent due to flexible online controls and
reaeration zone at the end of the pilot. However, since there was no specific mechanism of
phosphorus removal in the mainstream deammonification pilot, phosphorus concentrations in the
effluent increased from 0.10.1 mgP/L to 0.40.1 mgP/L, which exceeded the P permit limit.
Phosphorus removal in the mainstream could be achieved by chemical precipitation with the
addition of aluminum or ferric salts.
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Figure B.1 Concentrations of soluble COD, ammonium and phosphorus in fermentate (modified
from Ali et al., 2019)
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The overall PdN efficiency during acetate period was 6822%, which was much higher
than 4314% achieved during fermentate period. Considering the results of the batch experiments
(Ali et al., 2019), PdN operation of the pilot with a nitrate residual greater than 2 mgN/L increased
PdN efficiency to 7910% for acetate and 5110% for fermentate (Figure B2). An increase in
nitrate residual to 3 mgN/L and higher did not have an effect on PdN efficiency during acetate
period. Due to large standard deviation, its effect on PdN efficiency during fermentate period
cannot be estimated. The importance of nitrate residual for PdN efficiency was also recognized by
Le et al. (2019). In addition, operation at nitrate removal rates higher than 40 mgN/gVSS/d as
reported by Ali et al. (2019) also had a positive effect on PdN efficiency. However, operation at
high nitrate removal rates would increase fermentate loading, which might lead to higher
ammonium dosing and negatively affect the effluent quality.
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Figure B.2 The relationship between nitrate residual concentration and PdN efficiency during
acetate and fermentate periods (modified from Ali et al., 2019)
A lower PdN efficiency when fermentate was used as a carbon source in comparison to
acetate is related to its composition. In addition to soluble COD, fermentate also contains a fraction
of slowly biodegradable COD (Bixio et al., 2001). This fraction is recirculated back to AvN zone
with the RAS. Improved denitrification rates caused by fermentate addition increase TIN removal
efficiency in AvN zone and decrease nitrate availability for PdN-anammox zone, which has a
negative effect on PdN efficiency. It was shown that operating the pilot using fermentate as a
carbon source increased TN removal efficiency in AvN zone to 76.93.9% in comparison to
61.64.2% achieved by acetate addition. Overall, fermentate can be used as a carbon source for
PdN-anammox.
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Appendix C. Supplementary Information for Chapter 2
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Figure C.1 Variations in magnesium and sodium concentrations in the struvite-precipitated
effluent used as a feed for PSBRs

Figure C.2 An example of an algal-bacterial floc in a PSBR with 10 d SRT (x40)
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Appendix D. Supplementary Information for Chapter 3
The results of a 3-hour clinoptilolite pretreatment with groundwater showed Ca2+
adsorption accompanied by Na+ desorption (Figure D.1). Considering high cation exchange
capacity of natural zeolites, Ca2+ would potentially compete with NH4+ for the adsorption sites
(Wang & Peng, 2010). Although Mg2+ was also released, due to high standard deviation of the
measurements its effect on adsorption capacity of NH4+ can be considered negligible. Based on
the chemical composition of clinoptilolite (manufacturer information), in addition to Ca2+,
clinoptilolite has also K+. Prior studies identified a selectivity ranking for clinoptilolite (K+ > NH4+
> … > Na+ > Ca2+ > … > Mg2+) showing that K+ has a similar exchange capacity to NH4+ (Ames,
1960). Although during the pretreatment K+ was not released, it can still affect ammonium
adsorption capacity of clinoptilolite.
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Figure D.1 Changes in cation concentrations before and after the pretreatment with groundwater
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Appendix E. Supplementary Information for Chapter 4
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Figure E.1 Change in nitrogen species in a reactor inoculated with waste activated sludge

Figure E.2 Photos of zeolite reactors inoculated with waste activated sludge and anammox
granules
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E.3 Comparison of RWAS during cycle 2 in terms of change in nitrogen species with time
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Figure E.4 Microscopic images of algal-bacterial flocs (top figures) and algal biofilm on zeolite
and anammox (bottom figures) in ALGAMMIX reactor
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